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Abstract
This thesis presents work on the high average power operation of pulsed diode-
pumped solid-state lasers by using a laser configuration known as the bounce ge-
ometry. The bounce geometry has previously produced efficient, high power and
high spatial quality laser outputs in continuous-wave, Q-switched and modelocked
regimes. This thesis explores the capabilities of the bounce geometry for power
scaling, shown using Nd:YVO4 and Nd:GdVO4 in both a passively Q-switched laser
system and a variety of nonlinear mirror modelocked systems.
The high gain experienced by Nd-doped gain media pumped at 808 nm has tradi-
tionally posed difficulties in producing stable passive Q-switching with Cr4+:YAG.
By using a novel stigmatic design of the bounce geometry that experiences lower
gain, but highly circular output, passive Q-switching with > 11 W of average power
is produced, at a pulse repetition rate of 190 kHz. This is the highest output power
ever achieved from a passively Q-switched Nd-doped vanadate laser to date.
Nonlinear mirror modelocking is a passive modelocking technique that employs a
χ(2) nonlinear medium in combination with a dichroic output coupler. The first
nonlinear mirror modelocking of a bounce geometry laser is presented, obtaining
11.3 W of average power and 57 ps pulse duration using a type-II phase-matched
KTP nonlinear crystal. Using type-I phase-matched BiBO, shorter pulses of 5.7 ps
in duration are obtained at an average power of 6.1 W. The nonlinear mirror mode-
locking technique is then applied to the stigmatic bounce geometry laser, obtaining
a highly stable train of modelocked pulses with pulse duration 14 ps and an average
power of 12 W, with high spatial quality output.
Mixed vanadate lasers offer customisation of the laser fluorescence spectrum, but
tend to experience lower gain than single vanadates. Using the mixed vanadate
combination Nd:Gd0.6Y0.4YVO4 in the bounce geometry, 27.5 W of average power
in continuous-wave operation is shown. This is the highest power of any mixed
vanadate laser ever reported. By then applying the nonlinear mirror modelocking
technique to the mixed vanadate system, 16.8 W of average modelocked output
power and a pulse duration of 12.7 ps is obtained. This is simultaneously the first
time that the nonlinear mirror technique has been applied to mixed vanadate gain
media and the highest power of any modelocked mixed vanadate laser to date.
Finally, power scaling of a nonlinear mirror modelocked Nd:GdVO4 laser in the
bounce geometry is achieved through use of the double bounce geometry design
and through use of a high power pump diode. The system employing the high
power pumping produced > 30 W of average power — world record power using the
nonlinear mirror technique.
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Chapter 1
Introduction
1.1 Introduction
Over the past fifty years, the fields of science, medicine and industry have been
transformed by the invention of the laser. Since Schawlow and Townes [1] described
the extension of the functionality of the maser to the infrared and visible spectral
regions and Maiman’s subsequent work on the ruby laser [2], the world has not
looked back. The broad range of output wavelengths and time-regimes has lead to
the application of lasers in wide-reaching fields.
This thesis aims to address the production of high average power pulses in a diode-
pumped solid-state (DPSS) laser. To place the results presented in this thesis into
context, this chapter will give an overview of DPSS lasers and pulsed sources. This
will include an outline of common DPSS dopants and hosts, including pumping
geometries and the origins and problems caused by thermal effects. Pulsed laser
sources will also be discussed, with an overview of Q-switching and modelocking
presented. Finally, an explanation of the motivation for this thesis will be presented.
1.2 Diode-pumped solid-state lasers
The class of solid-state lasers generally refers to those either of crystalline or glass
hosts, that are doped with a percentage of an optically active ion. Fibre and semi-
conductor lasers may also be considered as solid-state lasers, but are normally ac-
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knowledged in classes of their own. The host tends to determine the macroscopic
properties (thermo-mechanical, thermo-optical, etc.) and the dopant provides the
spectroscopic properties (energy level structure, transition cross-sections and level
lifetimes) [3]. Pumping of solid-state gain media was achieved for many years with
flash-lamps. Their broad spectral output is not well matched to be efficiently ab-
sorbed by the gain media and they also excite a range of higher lying energy levels
in the active ion. This limits the overall pumping efficiency and leads to excessive
heating in the gain medium. In recent years, flash-lamps have increasingly been
replaced with laser diodes. These are typically narrowband, which allows for the
exclusive pumping of individual energy levels of the laser ion. This vastly improves
the pumping efficiency and minimises heating.
1.2.1 Solid-state laser dopants
A popular source of dopants for solid-state lasers are the trivalent ions of the rare
earth elements. These ions have sharp fluorescence lines, since the electronic tran-
sitions that normally occur are within the 4f shell and are thus shielded from the
local fields of the host crystal [3]. Notable ions include neodymium (Nd3+), ytter-
bium (Yb3+), erbium (Er3+), holmium (Ho3+) and thulium (Tm3+). These ions
tend to replace ions of a similar size and valence in the host — Nd3+ in Nd:YAG,
for example, replaces an yttrium (Y3+) ion.
Neodymium is one of the most widely used and well-researched dopants. It can be
doped into a variety of host materials and is usually pumped around 808 nm. The
strongest laser transition occurs between the 4F3/2 and
4I11/2 levels, for 1064 nm
radiation, but other notable transitions are near 1.3 and 0.9µm. These outputs can
all be doubled and tripled to obtain output wavelengths in the red, green, blue and
UV. When doped into crystals, Nd3+ exhibits narrow linewidths and long fluorescent
lifetimes [3, 4].
Around the 1µm spectral region, ytterbium is a competitor to Nd-doped gain media.
Ytterbium gain media possess a larger emission bandwidth, smaller quantum defect
(normally pumped at 940 nm) and a simpler energy structure that avoids excited
state absorption (ESA) and other quenching processes. Its long lifetime (∼ ms)
16
also allows for high energy storage when Q-switching. However, lasing occurs in a
quasi-three level system and so high pump intensties are required [5, 6].
Erbium, holmium and thulium lasers generally operate in some useful regions of the
infrared spectrum. Erbium has two main transitions: the telecoms wavelength of
1.5µm is the most exploited, but the 2.9µm transition, a water absorption peak, is
used in medical and dentistry applications. Holmium and thulium, both emitting
around the wavelength region ∼ 2µm, can be used in medical and LIDAR applica-
tions.
Some transition metals also serve as active ions, with optical transitions involving
the 3d electron shell. These ions do not experience the shielding effect of the outer
electron shell, so the field of the host plays a larger role. Interaction of the electronic
transitions with the crystal phonons leads to large gain bandwidths from a form
of homogeneous broadening and such lasers are called ‘vibronic’ lasers. Titanium
and Chromium are commonly used transition metals, for example in Ti:sapphire
and alexandrite, popular for their tunability. They can also be used to generate
ultrashort (fs) pulses when modelocked.
1.2.2 Solid-state laser hosts
Solid-state laser hosts can mostly be categorised into crystals and glasses. Crystal
hosts usually have better thermal conductivity and larger transition cross-sections
compared with glass hosts, but the growth of crystals can be a major restriction
to their use. Techniques for growing crystals, like the Czochralski method, can be
difficult so the maximum size of high-quality single crystals is limited. Addition-
ally, the dopant site in the crystal lattice must be able to support the dopant since
strain due to replacement of host ions with dopants is a limiting factor for dopant
concentration. Glasses benefit from comparatively easy production, with good opti-
cal quality. They also typically have broader bandwidths, owing to inhomogeneous
broadening from their disordered structure [3, 7].
The gain medium of the first laser was ruby [2], which is chromium-doped sap-
phire. Sapphire has some of the most attractive thermo-mechanical properties of
all solid-state materials. However, the lattice will not support doping with rare
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earth elements. The main use of sapphire today is in Ti:sapphire, used for its broad
tunability and ultrashort pulse generation.
Yttrium-based crystals have proven to be some of the most widely used for doping
with rare earth ions, due to the ease at which the ions can replace the Y ions in
the crystal lattice since they tend to be of a similar size. The YAG host (yttrium
aluminium garnet, Y3Al5O12) has some of the most enviable properties [8, 9]. It
exhibits high thermal conductivity, low thermo-optic coefficient and is robust and
easy to grow. Nd:YAG is a standard choice for a wide-range of applications, particu-
larly materials processing. However, it is isotropic and can suffer thermally induced
birefringence at high power operation.
An alternative to YAG is YLF (yttrium lithium fluoride, YLiF4). YLF possesses
a weak, negative thermo-optic coefficient that gives rise to a negative thermal lens,
which can counteract any bulging effects due to heating and stress, potentially pro-
ducing superior beam quality. It is also naturally birefringent, which can eliminate
losses due to thermally induced birefringence. When doped with Nd3+, YLF has a
longer fluorescence lifetime, allowing for increased energy storage than YAG. How-
ever, YLF is much softer and can be brittle, fracturing easily.
Vanadate crystals are another type of crystal used with Nd-doping and have received
considerable attention since the improvement of diode-pumping. They had been
known of since 1960’s [10] but their growth was limited and only small crystals could
be produced. Improved diode-pumping meant that smaller crystals could be used
anyway. Yttrium ortho-vanadate (YVO4) in particular has been used as substitute
for YAG with Nd-doping; despite its poorer thermal properties, it has a much higher
absorption coefficient and stimulated emission cross-section and is also naturally
birefringent. Other notable vanadates commonly doped with neodymium include
gadolinium ortho-vanadate (GdVO4) and lutetium ortho-vanadate (LuVO4). Mixed
vanadates are a newer class of vanadate crystals, where a fraction of gadolinium in
Nd:GdVO4 (for example) is replaced with yttrium, allowing for customisation of the
lasing properties.
It is also possible to use ceramic hosts — polycrystalline materials with small crystal
domains. They are, in principle, cheaper to produce than single crystals and may
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be grown to arbitrary shapes and sizes with high doping concentrations, since strain
on the crystal lattice is not a problem. Despite improvements to the problem of
light scattering at crystal boundaries, comparable performance to crystals has not
yet been realised [11–14].
Glass hosts can be also fabricated to considerably larger sizes than crystalline mate-
rials, with much less difficulty. Rare earth ions can be doped into glass hosts, with
broader fluorescence linewidths than crystalline hosts, but correspondingly smaller
emission cross sections. The primary drawback with glass hosts is the increased
thermal problems encountered, due to their lower thermal conductivity and large
thermally-induced birefringence [15].
1.2.3 Laser diodes
Laser diodes are semiconductor lasers formed of an electrically pumped p − n or
p − i − n junction with some optical feedback mechanism [16]. There are various
types of laser diodes, but generally, the highest output power obtained from a single
emitter is obtained from broad stripe laser diodes. The emitting region of these is
usually of the order of 1µm ×100µm in dimension, generating elliptical outputs of
typically a few Watts. To obtain higher powers, many individual laser diodes are
combined in an array format [17]. Usually, they are arranged to form a bar typically
10mm wide, horizontally oriented and formed of between 20 and 50 emitters. This
arrangement maintains high spatial quality in one axis (the ‘fast’ axis) since the
emission comes from a very narrow (∼ 1µm) region (and hence is highly divergent),
but highly multimode in the other (‘slow’) axis as the emission comes from a much
larger (∼ 10mm) region. Fast axis collimation can be implemented by use of a
microlens attached to the emission face of the bar to compensate for the high degree
of divergence. This is suited to side pumping slab amplifiers, since they only require
high beam quality in one dimension. Beyond this single bar arrangement, for powers
in excess of 100 W, multiple bars are combined together to form a ‘stack’. This is
at the expense of vertical beam quality, but some of these spatial issues can be
overcome by fibre coupling the diode emission.
Practical concerns in using high power laser diodes is their cooling, since a large
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amount of heat is generated in a small volume. For powers < 100 W, conduction
cooling is usually sufficient, but for higher powers, it is necessary to use micro-
channel cooling. This involves high-pressure water passing through small channels
close to the emitters. Although this provides improved heat removal, it can increase
the complexity of the cooling system. Care must be taken, for example, in deter-
mining the correct water pressure through the micro-channels and de-ionised water
must be used to avoid blockages in the micro-channels. Diode cooling is further
complicated by the temperature dependence of the emission wavelength. The wave-
length typically shifts by ∼ 0.2 — 0.33 nm per ◦C, so the diode must be kept close
to the optimum temperature for the output to be spectrally matched to the laser
pump absorption band.
Laser diodes are not without their disadvantages, however. The lifetime of diodes
can be many thousands of hours, but in practice there are mechanisms for premature
failure. This can be caused by voltage spikes from poorly designed laser diode drivers
or from cooling failure, resulting in catastrophic damage. The handling of a diode
must also be done with care, since they are electro-statically sensitive.
1.3 Diode pumping geometries
For the design of a laser system, not only is the lasing material (dopant, host) an
important factor to consider, the geometry in which the laser is operated must also
be considered. This is particularly true for high-power systems, where heating of
the laser medium can lead to effects like thermal lensing. A good geometry can
mitigate such effects, usually through some combination of efficient heat removal
and minimising the effects of thermal gradients on the laser mode.
1.3.1 Rod
Arguably the simplest solid-state laser geometry is the rod. Lamp pumping of rods
can be easily achieved and one effective method is implemented by placing the rod
and lamp in a reflective chamber, filled with cooling water. Diode pumping can
also be achieved, usually in end or side pumping designs. The large surface area
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of the rod is beneficial for efficient cooling but since the direction of heat flow is
perpendicular to the optical axis, thermal lensing can pose a significant problem
[18–20].
Figure 1.1: Rod diode pumping schematics for a) end pumped and b) side pumped rods.
In end-pumped rods (Fig. 1.1(a)), the diode radiation is delivered through a small
spot in the end face, usually achieved by coupling diode radiation through a fibre or
beam-shaping methods. Fibre coupling allows the pump radiation to be efficiently
matched to the TEM00 mode of the resonator, enabling high beam quality. However,
the small area in which the pump radiation is targeted (hence, producing a high
pump intensity) leads to severe thermal effects and thermal fracture can limit power
scaling [21, 22].
Side-pumping of rods can also be implemented (one design for this is shown in
Fig. 1.1(b)). In this pump geometry, the pump intensity is lower, resulting in
improved potential for power scaling. However, it can be more difficult to achieve
high efficiency and good beam quality, as compared with end pumping, due to poor
overlap with the resonator mode [23, 24].
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1.3.2 Slab
The slab geometry is particularly suited to diode pumping; since the emission from
a diode bar is asymmetric in the fast and slow axes, the concept of a slab laser is to
treat the two axes separately. The aim is to create efficient overlap with the elliptical
diode output, removing the need for complex pump delivery schemes. Additionally,
the pump intensity can be kept much lower, reducing any tendency to damage.
Figure 1.2: Examples of diode pumping geometries for slab laser crystals: a) in a zig-zag
design and b) in the bounce geometry design.
One slab design is known as the zig-zag [25, 26] and a schematic of this is shown in
Fig. 1.2 (a). In this geometry, the light takes a zig-zag path through the amplifier,
making multiple reflections at the pumped faces. This allows for spatial averaging of
gain and temperature gradients in the zig-zag plane, reducing the effect of thermal
lensing. The zig-zag path can also help to eliminate thermally-induced birefringence.
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1.3.2.1 Bounce geometry
A variation of this design is the bounce geometry. In this scheme, the laser mode
takes a path of total internal reflection (TIR) at the pumped face. By implementing
a grazing angle of incidence, the light remains close to the pump face as it passes
through the crystal. This makes the design highly suited for materials that absorb
strongly at the pump wavelength and a small (TEM00) beam can extract over a
large length of the pumped face. The excellent spatial overlap leads to highly-
efficient lasers and extremely high single-pass gains, producing high beam quality
TEM00 at high average powers [27]. As a subject of this thesis, the bounce geometry
will be described in more detail in Chapter 2.
1.3.3 Thin disc
The thin disc geometry [28] can provide excellent high-power scaling potential. The
gain medium is normally a disc of ∼ 100 — 200µm thickness which is cooled on one
side and pumped on the other. The cooled face also serves as a mirror, reflecting
both the pump and laser wavelengths, allowing it to act as both a back mirror and
a folding mirror in the laser cavity. The thin gain region allows for efficient heat
extraction, forming an almost one-dimensional flow of heat along the optical axis,
with weak thermal lensing. Consequently, thin discs can be pumped at very high
powers, without beam degradation. Power scaling is easily achieved by increasing
the pump area and pump power [6, 29].
1.4 Thermal issues in lasers
Each laser design discussed has been conceived through attempts to mitigate the
effects of heating in the laser medium. These effects are now described in more
detail, with their effects on laser operation.
1.4.1 Heat generation
With the exception of upconversion lasers, the wavelength of laser radiation is longer
than the wavelength at which the laser is pumped. The energy difference between
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the pump and laser photons is known as the quantum defect and this is the origin of
most of the heat generated in DPSS lasers. To understand this further, we consider
a simple four level laser system, the schematic of which is shown in Fig. 1.3.
Pump
  hνp
Laser
 hνL
0
1
2
3
τ32
10τ
Figure 1.3: Simple schematic of a four level laser system. Pumping from level 0 at νp
populates the upper laser level (level 3) and lasing occurs between levels 2 and 1 at νL.
τ32 and τ10 represent non-radiative transitions between levels.
Initially, all atoms are in the ground state, level 0. These are excited by pump
radiation of frequency νp to level 3, the pump band. In some cases, this pump band
is made up of a continuum of energy levels, so that optical pumping can be achieved
over a broad spectral range. From the pump band, the majority of the atoms decay
into level 2, the upper laser level, by non-radiative transitions on a timescale τ32.
These non-radiative transitions deposit energy in the laser medium, usually in the
form of heat. Above the threshold for lasing, a population inversion exists between
levels 2 and 1, allowing lasing to occur at a frequency νL. Atoms in level 1 can then
undergo further, usually fast non-radiative transitions back to the ground state,
generating further heating. The quantum defect and hence total energy dissipated
into the laser medium is the difference between the energy of the pump radiation
and the energy of the laser radiation — ∆E = h(νp − νL).
This quantum defect heating is unavoidable, but it can be reduced by choosing
materials and pump transitions that minimise the defect. Other non-radiative tran-
sitions that transfer energy as heat to the laser medium include (but are not limited
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to) Auger upconversion, cross-relaxation and excited state absorption.
1.4.1.1 Auger upconversion
Auger upconversion is the process in which energy is exchanged between two neigh-
bouring ions in the same energy level. This ‘upconverts’ one ion to a higher level
and the other to a lower level, as illustrated in Fig. 1.4(a). The upconverted ion
then decays either radiatively, emitting a photon (often of a shorter wavelength than
the pump wavelength), or non-radiatively. In the case of the non-radiative decay,
the energy is deposited as phonons in the laser medium, generating heat. When
upconversion occurs in the upper laser level, it acts to both reduce the population
inversion, and generate heat.
Figure 1.4: Energy level diagrams illustrating a) Auger upconversion b) cross-relaxation
and c) excited state absorption.
1.4.1.2 Cross-relaxation
A similar process to Auger upconversion is that of cross-relaxation, illustrated in Fig.
1.4(b). In this process, two ions residing in different levels exchange energy, with
both finishing in some intermediate level. After this, the ions decay non-radiatively,
transferring heat to the medium. This may occur between many combinations of
energy levels, but the result tends to be a combination of heat generation and
reduction in population inversion.
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1.4.1.3 Excited state absorption
Excited state absorption (ESA) is another important heat generating process. In
this process, an already excited ion absorbs another photon, exciting it to a higher
energy level (Fig. 1.4(c)). This can occur either through absorption of a second
pump photon or by absorption of a laser photon. The excited ion decays by a
combination of radiative and non-radiative processes, once again resulting in heating
of the laser medium.
The three processes described are weaker when lasing takes place, as the upper level
population is reduced. Thus, heat loading is usually more significant for non-lasing
conditions.
1.4.2 Impact of heating on laser operation
Heat generation in lasers can have many unwanted consequences. Heating causes
expansion of the material, leading to stress and potential fracture. This has a major
impact on the laser design and requires that pump intensities are kept below the
material’s damage limit. Stress on the material also causes birefringence, which
can alter the polarisation of the laser beam. If the material is, however, naturally
birefringent then the effect of stress-induced birefringence is minimal.
Thermal lensing is another major consequence of heat generation in a laser amplifier.
This arises as a result of the thermally-induced phase shift experienced by a laser
beam as it passes through the amplifier. Pumping and cooling of the amplifier may
lead to an uneven temperature distribution, so thermal gradients evolve, normally
with some component transverse to the laser beam.
This temperature dependent phase-shift occurs via two main mechanisms: the
thermo-optic and photoelastic effects. The thermo-optic effect relates to the tem-
perature dependent refractive index, n, determined via the material’s thermo-optic
coefficient dn/dT . The photoelastic effect involves stress caused by heating the ma-
terial inducing birefringence, also changing the refractive index [3]. Additionally,
‘bulging’ of the faces of the laser material can occur due to thermal expansion,
which can also impart a phase-shift on the laser beam as it passes through. In most
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cases, the focussing effect of these mechanisms is positive. Some materials possess
a negative dn/dT (e.g. Nd:YLF), which can counteract the positive focussing from
stress and bulging effects, but they are in a minority.
The thermal profile generated in the laser medium is dependent on the amplifier ge-
ometry. Usually, the diffusion of heat leads to a near-parabolic profile near the laser
axis meaning it can be treated as a thick lens. This assumption is only valid close to
the axis and thus further from the axis, strong aberrations can exist. To determine
the power of a thermal lens, numerical modelling is often required. However, for the
simple case of a cylindrical rod employing uniform pumping, the dioptric power K
of the lens is given by [3]:
K =
1
f
=
Pheat
κA
(
1
2
dn
dT
)
(1.1)
where f is the focal length of the thermal lens, Pheat is the total heat power dis-
tributed into the rod, A is its cross-sectional area, κ is the thermal conductivity of
the medium and dn/dT is the thermo-optic coefficient. The dioptric power is thus
approximately proportional to the heating power. This proportionality also mani-
fests itself in other geometries, including the bounce geometry [30] and therefore the
thermal focussing effect in a laser can be simplified to the case of an internal thick
lens with dioptric power that is linearly proportional to pump power1.
1.5 Pulsed laser sources
The emission of a laser may not only be in a continuous form, but also in the form
of pulses. This can be an effective way of obtaining high peak powers and short
pulse durations, allowing lasers to be used in a broad range of applications. These
applications can be as diverse as biological imaging, remote sensing and materials
processing.
Obtaining pulsed output is most commonly achieved through either Q-switching or
modelocking. Q-switching is a method for obtaining high peak powers in nanosecond
1N.B. Auger upconversion, cross-relaxation and ESA give the heating a nonlinear component,
but for simplicity, this is not considered here.
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long pulses (although some picosecond Q-switched lasers have been demonstrated).
Modelocking is a technique for obtaining shorter pulses, often in the picosecond
or femtosecond regime. Both Q-switching and modelocking can be achieved either
passively or actively.
1.6 Q-switched lasers
Q-switching is an extensively used technique for obtaining high peak powers in short
pulses (usually not ultra-short) by modulating the cavity losses. Initially, cavity
losses are kept high (low Q value), such that laser action is temporarily prevented.
This allows the population inversion to build up with pumping. When the Q value
is restored, or the Q-switch is switched on, the stored energy is released in the
form of a ‘giant’ pulse rapidly extracting the population inversion. Typically, Q-
switched pulse durations are of the order of nanoseconds or 10’s of nanoseconds,
but commonly some low multiple of the cavity round-trip time. The peak power
can be several orders of magnitude greater than the power that could be achieved
in continuous wave (CW) operation [31, 32].
1.6.1 Active Q-switching
In active Q-switching, the losses are modulated by some externally controlled (ac-
tive) element, usually an acousto-optic or electro-optic modulator. In these mod-
ulators, the pulse forms after an electrically-controlled signal, but there are also
mechanically controlled Q-switches, e.g. based on rotating mirrors. Factors such as
the pulse repetition rate can be controlled by the modulator and the pulse energy
and duration are dictated by the energy stored by the gain medium.
1.6.1.1 Electro-optic Q-switching
An electro-optic modulator consists of an electro-optic crystal which can be used
to control the polarisation or phase of a beam passing through it. A common
electro-optic Q-switch consists of a Pockels cell, in conjunction with a polarising
element inside the laser cavity. Upon the application of a high voltage, the crystal
experiences the electro-optic effect, whereby the birefringence of the crystal changes
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in proportion to the applied electric field strength. The polarisation rotation in
combination with the polarising element introduces a loss to the cavity, giving it a
reduced Q value. The high Q value can be reinstated by switching the voltage off.
Electro-optic Q-switching is a fast form of Q-switching, with precise timing, good
stability and repeatability, with a large hold-off ratio (i.e. a large, near 100% inser-
tion loss could be introduced). It does require an expensive electro-optic crystal and
fast-rising high voltage source (several kV in a few 10’s of nanoseconds). Nanosecond
rise-time pulses at this voltage level can be hard to obtain and have the additional
detrimental effect of inducing electrical interference in neighbouring electrical equip-
ment. It also requires the use of intra-cavity elements which may be both optically
lossy and susceptible to damage at high intensities.
1.6.1.2 Acousto-optic Q-switching
Acousto-optic modulators consist of a transparent optical material, to which a piezo-
electric transducer is attached. An applied sinusoidal radio frequency (RF) signal
voltage generates a high frequency acoustic wave, forming a periodic refractive in-
dex grating through the acousto-optic effect. Its effect is to diffract a fraction of
the incident beam from the incident direction. Thus, by inserting an acousto-optic
element into the cavity, an additional loss is introduced when a RF driving voltage
is applied to the transducer. If this voltage is high enough, this loss is sufficient to
hold off lasing. The high Q-value of the cavity is then restored by switching off the
transducer voltage.
Acousto-optic modulators have the advantage of low voltage signal modulation and
can be readily driven at high repetition rates. The loss introduced by the modulator,
however, can be limited, relative to the electro-optic modulator.
1.6.2 Passive Q-switching
Q-switching can also be achieved passively, through the insertion of a saturable
absorbing medium into the cavity. Inversion in the laser amplifier is built up by
the pumping process until the gain inside the cavity exceeds the absorption of the
saturable absorbing medium. When the laser intensity approaches the saturation
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intensity of the absorber, it begins to bleach and the growth rate of the laser intensity
is increased, resulting in more rapid bleaching of the absorber. The gain of the laser
then greatly exceeds the losses introduced and a giant pulse is emitted.
Passive Q-switching can be a simple and convenient approach to Q-switching, re-
quiring a minimum of additional optical elements inside the cavity and requiring no
external driving electronics. However, it can be subjected to timing jitter, optical
damage and pulse repetition rate is a function of pump rate and hence difficult to
adjust.
1.7 Modelocked lasers
Modelocking is the preferred method for obtaining ultra-short laser pulses — i.e.
pulses of picosecond and femtosecond durations. In contrast to Q-switching, mode-
locking can produce pulses that are much shorter (by orders of magnitude) than the
cavity round-trip time and the pulse formation is controlled by the manipulation
of the longitudinal cavity modes. It involves many of these longitudinal modes and
the term itself arises because the pulse forms when a fixed phase relation, or strong
phase correlation is achieved between the oscillating modes [31, 33].
When many longitudinal modes oscillate simultaneously in a cavity, with a fixed
mode spacing and fixed phase relationship with respect to each other, the resulting
constructive interference between these modes leads to the formation of an intense
pulse of light. These pulses are separated in time by ∆T = 2L/c, where ∆T is the
cavity round-trip time. Each pulse circulates in the cavity at this round-trip time,
so the train of pulses obtained from modelocking has a repetition frequency, or pulse
repetition rate (PRF) can generally be given by PRF = 1/∆T .
A rough estimation of the minimum pulse duration can be determined from the gain
bandwidth of the laser gain medium. For solid state laser systems, this is typically in
the range 100GHz – 800THz, depending on the material used. Using the bandwidth
theorem:
∆τ ∼ κ
∆νL
(1.2)
where κ is a constant ∼ unity. This could result in pulse durations in the range
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of 10 ps – 1.25 fs and indeed pulses with durations well into the few femtosecond
regime have been produced [34–37]. Pulse durations ∼ 3 fs have been obtained
from broad gain bandwidth solid-state laser systems such as Ti:sapphire, employ-
ing cavity dispersion control and compensation mechanisms [38]. These durations
are several orders of magnitude shorter than those that can be achieved from Q-
switching techniques, thus modelocking potentially offers peak powers several orders
of magnitude higher. In practice, this is tempered by the high repetition rates (∼
100 MHz) that are usually employed in modelocked systems, compared to Q-switch
repetition rates ∼ 10 — 100 kHz in high pulse repetition rate DPSS lasers, so the
energy per pulse is typically smaller.
There are various methods by which modelocking can be achieved. In general, most
modern commercial modelocked systems rely upon a passive modulation to achieve
the phase-locking condition. This means that it is the propagation of the pulse
itself inside the cavity which helps to maintain the phase-locking, as opposed to an
externally modulated electric system.
Picosecond pulse sources can be relatively simple systems, comparable in complex-
ity to many Q-switched lasers. This complexity increases rapidly once the pulse
duration falls into the femtosecond regime. Here, the pulse durations are so short
that the frequency spectrum of the signal is very large and dispersion effects in the
cavity become significant. This can severely limit the pulse durations attainable and
in order to compensate for this, the design complexity of the system must greatly
increase. This increase in complexity leads to a decrease in overall efficiency and
average output power.
1.7.1 Frequency domain description
In order to understand how modelocking arises, we first consider the process from
a frequency domain perspective (and here we switch to using ω(= 2πν) since the
two are interchangeable). For 2n + 1 longitudinal modes oscillating with the same
amplitude E0 (Fig. 1.5), we assume that a fixed phase relation exists between the
modes according to:
φl − φl−1 = ∆φ (1.3)
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Figure 1.5: Uniform longitudinal mode distribution in a modelocked laser.
where ∆φ is a constant. The total electric field of the electromagnetic wave at any
point can be written as:
E(t) =
+n∑
l=−n
E0 exp {−i[(ω0 + l∆ω)t+ l∆φ]} (1.4)
where ω0 is the central frequency of the spectrum considered and ∆ω is the mode
frequency spacing. In a standing wave laser cavity, this is given by ∆ω = 2πc/2L.
This can now be expressed in terms of a carrier wave modulated by some envelope,
so that the total electric field can be expressed as:
E(t) = A(t) exp(−iω0t) (1.5)
where
A(t) =
+n∑
l=−n
El exp[−il(∆ωt+ φ)] (1.6)
A(t) now describes the amplitude of the electric field and hence the form of the
pulses in the cavity. To assess the time behaviour of A(t), we rescale the time
parameter so that ∆ωt
′
= ∆ωt+ φ and A(t) can now be written as
A(t
′
) =
+n∑
l=−n
E0 exp[−il(∆ωt′)] (1.7)
This has the form of a geometric progression with a ratio of exp[−i(∆ωt′)], which
can be summed over 2n+ 1 terms to obtain
A(t
′
) = E0
sin[(2n+ 1)∆ωt
′
/2]
sin(∆ωt′/2)
(1.8)
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The oscillating modes interfere due to the phase relation in Eq. (1.3), such that
the resultant is a train of evenly spaced, intense pulses. Using the approximation
sin(α) ≈ α, for small values of α, to maintain a rational fraction in Eq. (1.8) at
t
′
= 0, it can be seen that the peak intensity of the pulse train is A2 = (2n+1)2E20 .
Therefore, for a modelocked laser source where all the modes oscillate in phase,
the peak intensity is proportional to the square of the total number of oscillating
modes. For a non-modelocked laser source with random phases between modes, the
average intensity is simply the sum of the intensities of all the modes and hence is
proportional to the number of oscillating modes. The ratio of intensities in the two
cases is simply the total number of modes, which in solid state lasers can be 102 —
104. The modelocking process is therefore seen to not only produce a pulsed output,
but also high peak intensities and short pulse durations.
Subsequent pulses occur when the denominator in Eq. (1.8) goes to zero. This
happens at a time such that ∆ωt′/2 = π, from which we can obtain the pulse
separation time (or cavity round-trip time):
Tp =
2π
∆ω
=
1
∆ν
(1.9)
related to the frequency spacing between two adjacent cavity modes (∆ν). An
approximation of the pulse duration τp (FWHM) can be obtained by considering
when the field amplitude function A2(t
′
) first equals zero for t
′
> 0. This position is
approximately equal to the FWHM of the pulse and happens when the numerator
of Eq. (1.3) goes to zero. This occurs at a time t
′
0 such that
(2n+ 1)∆ωt
′
0
2
= π (1.10)
τp ∼= 2π
(2n+ 1)∆ω
=
1
∆νL
(1.11)
where ∆νL is the total bandwidth of the oscillating modes. This demonstrates
that for many solid state lasers, where the total oscillating bandwidth is typically
hundreds of GHz, it is possible to obtain pulses which are less than 10ps in duration.
This is shorter than the cavity round-trip time and those obtained from Q-switched
systems.
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Figure 1.6: Gaussian mode amplitude distribution in a modelocked laser.
This frequency domain treatment has only considered the unrealistic scenario of
many, equal-amplitude spectral modes. In reality, the oscillating modes will be
components of the gain bandwidth of the laser medium, usually taken to have a
Gaussian form. This causes a change in the relationship between the spectral band-
width of the pulse and its duration. Assuming a Gaussian amplitude envelope of
the frequency components, as pictured in Fig. 1.6, with a FWHM of ∆ωL, the
amplitude El of the l
th mode can be written as
E2l = E
2
0 exp
[
−
(
2l∆ω
∆ωL
)2
ln 2
]
(1.12)
If a fixed phase-relation as in Eq. (1.3) is assumed, E(t) can then be expressed as in
Eq. (1.5), where the field amplitude A(t′) in the time reference t′ as before is given
similarly by:
A(t′) =
n∑
l=−n
El exp[−i(l∆ωt′)] (1.13)
Approximating this sum as an integral, the field amplitude is proportional to the
Fourier transform of the spectral amplitude El, from where it is possible to show
that the intensity of the resulting pulse, A2(t′) is a Gaussian function of time.
A2(t′) ∝ exp[−(2t/τp)2 ln 2] (1.14)
where τp is given by
τp =
2 ln 2
π∆νL
=
0.441
∆νL
(1.15)
This is now a more exact expression for a pulse with a Gaussian spectral linewidth,
∆νL, and represents the minimum possible pulse duration if the phase-relation in
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Eq. (1.3) holds true. In general, if Eq. (1.3) is true for the full bandwidth of the
system, then the pulse shape (given by the field amplitude A(t)) is simply the Fourier
transform of the spectral amplitude and the pulse is said to be transform-limited.
1.7.2 Time domain description
The modelocking process is now considered from the time domain perspective. If
we refer back to Eq. (1.9) for the expression for the pulse separation Tp, from the
sum of many modes in phase, this was shown to be equivalent to 1/∆ν, where the
frequency separation of the cavity modes ∆ν = c/2L. Thus Tp = 2L/c, which is
simply the round-trip time of a cavity of length L. The spatial extent of a pulse
within the cavity is cτp, which for a pulse of duration 10ps is 3mm – much shorter
than a typically cavity length of ∼ 1m. The oscillating behaviour in this case can
then be considered to be a single ultra-short pulse which propagates back and forth
inside the laser cavity, thus producing an output consisting of a train of pulses
separated by the cavity round-trip time.
Figure 1.7: Cavity shutter positions for a) fundamental, b) second and c) third harmonic
modelocking, as viewed in the time domain picture.
A method for achieving the modelocking condition can readily be seen to occur by
placing a fast shutter in the cavity, timed to open at the arrival of the pulse on
each trip and remaining open only for the duration of the pulse. If we consider
a non-modelocked cavity, whose oscillating modes do not have fixed phase-relation
between themselves. The longitudinal spatial amplitude profile of the cavity electric
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field will be a periodic noisy function. If the shutter were to open, coinciding with
the arrival of a particularly intense noise spike, once again remaining open only for
the duration of the spike and timed such that subsequent shutter openings are at the
round-trip time of the cavity, the noise would be attenuated and only the intense
pulse would be able to transit the cavity and experience gain. This gives rise to
the modelocking condition, and is the situation pictured in Fig. 1.7(a), known as
fundamental modelocking.
This implies that there are other kinds of modelocking, which is absolutely the case.
If we consider a similar situation (Fig. 1.7(b)), but with the shutter placed at the
halfway point of the cavity and opened with a period of T = L/c, two ultra-short
pulses can oscillate in the cavity. In this scenario, the two pulses are separated
such that they cross each other at the position of the shutter when it is open.
Similarly, if the shutter is placed at a distance L/3 from one of the cavity mirrors
(Fig. 1.7(c)) and opened with period T = 2L/3c, three ultra-short pulses propagate
in the cavity, such that two of them always cross at the open shutter. In these
cases, the repetition rate of the output pulse train is 2∆ν and 3∆ν, respectively.
These cases are known as harmonic modelocking. Since the phase condition of Eq.
(1.3) results in fundamental modelocking, the harmonic modelocking cases must
correspond to a different phase locking condition. For instance, the second order
harmonic modelocking is given by the phase condition φl+1 − φl = φl − φl−1 + π.
1.8 Methods of modelocking
As with Q-switching, modelocking can be divided into two categories, depending on
the source of the cavity modulation: active modelcoking, where the modulation of
the cavity is driven by an external signal; passive modelocking, where the modulation
is induced by the interaction of a propagating pulse with a nonlinear element.
1.8.1 Active modelocking
In the category of active modelocking [39], there are two main types: amplitude
modulation (AM modelocking) and phase modulation (FM modelocking) [31, 32].
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Synchronous pumping is another method, but is not widely used since it typically
requires a modelocked source as a pump.
AM modelocking is achieved by modulating the resonator losses. As with active Q-
switching, this can be done with either an electro-optic or acousto-optic modulator.
However, in this case the voltage applied is sinusoidally modulated to provide a
varying loss. Pulses with the correct timing can pass through the modulator when
the losses are minimised.
FM modelocking is achieved by a periodic phase modulation, also in an electro-optic
modulator. If this phase modulation is at the cavity round-trip time, pulsing occurs.
The shortest pulses obtainable in this category of modelocking are limited to the
speed of the external signal generator. Additonally, expensive and bulky electronic
elements are required.
1.8.2 Passive modelocking
In passive modelocking [40], the cavity modulation is derived from the interaction
of the pulse itself and thus much shorter pulses can be obtained. There are several
major methods of passively modelocking; three that are discussed here are saturable
absorber (SA) modelocking [41, 42], Kerr lens modelocking (KLM) [36] and nonlinear
mirror (NLM) modelocking [43]. SA modelocking uses the saturation properties of
an absorbing medium; KLM uses the intensity dependent refractive index (IDRI)
and resulting self-focussing effect of a nonlinear medium; the NLM technique involves
second harmonic generation (SHG) and difference frequency generation (DFG) in a
nonlinear medium to create a nonlinear reflectivity.
1.8.2.1 Saturable absorber modelocking
A saturable absorber is a material that, under low intensity illumination, exhibits
absorption at the illumination wavelength. Under high intensity illumination, how-
ever, the absorption becomes saturated, displaying a much reduced loss. There are
two distinct mechanisms through which modelocking can be obtained using sat-
urable absorbers. The first is fast saturable absorber modelocking, where a medium
with a short upper state lifetime is used; the second is slow saturable absorber
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modelocking, where the dynamic gain saturation of the laser medium is exploited
together with the saturable absorber.
Fast saturable absorber Fast saturable absorber modelocking uses an absorber with
a low saturation intensity and a recovery time that is shorter than the duration of
the modelocked pulses [44]. This recovery time is the characteristic time taken to
recover from its saturated state to some fraction of its completely unsaturated state
(e.g. 1/e point). To first approximation, this type of absorber can be treated as a
simple two level system. In order to have a low saturation intensity together with a
short lifetime, it must have a relatively high absorption cross-section. Early passively
modelocked systems typically used organic dyes as the saturable absorber, but these
experienced gradual degradation with time. Since the semiconductor industry has
gone from strength to strength, saturable dyes have largely been replaced with
semiconductor saturable absorber mirrors (SESAM’s). In a SESAM, the absorber
is a semiconductor, typically quantum well based.
If we consider a pulse propagating in a cavity containing a fast saturable absorber,
before the arrival of the pulse at the absorber the unsaturated loss is considered
greater than the gain of the cavity. As the pulse passes through the absorber, its
low intensity leading edge will experience the unsaturated loss of the absorber, but
as the intensity of the pulse rises, the absorber will begin to saturate and the loss
experienced will become smaller. This reaches a point where the gain of the cavity
is equal to the saturable loss and the pulse sees a net gain as the absorber continues
to be saturated by the peak intensity of the pulse. With continuing propagating
through the absorber, and the instantaneous intensity decreases and the absorber
begins to recover, such that the saturable loss again equals the gain. Beyond this, the
trailing edge begins to experience loss once again, which opens a net gain window.
Slow saturable absorber It is also possible to use a slow saturable absorber to mod-
elock a laser [45, 46]. Certain conditions must be met for this scenario: the recovery
time of both the saturable absorber and the gain medium must be comparable to the
cavity round-trip time; the saturation fluence of both the gain medium and absorber
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Figure 1.8: Fast saturable absorber modelocking, with a net gain window established
between t1 < t < t2 when the saturable loss drops below the level of the steady state gain.
must be such that both can be saturated by the intracavity fluence; the saturation
fluence of the gain medium must be comparable, but slightly larger than that of
the absorber. In order to meet these criteria, suitable gain media that have a short
upper state lifetime, comparable to the round-trip time of a cavity (∼ few nanosec-
onds) and a high emission cross-section (∼ 10−16cm2) are required. Thus, the most
suitable materials are dyes and semiconductors, since most solid-state crystalline
materials have long lifetimes that discount dynamic gain saturation.
Before the pulse arrives at the saturable absorber, the gain is assumed to be smaller
than the losses, so that the leading edge of the pulse suffers a net loss. If the
accumulated pulse fluence is sufficiently large, saturation of the absorber can then
occur and at some point during the leading edge of the pulse, the absorber loss
equals the laser gain and the pulse sees a net gain. If the saturation fluence of
the gain medium has a suitable value (typically twice that of the absorber), gain
saturation can occur so that the net gain begins to reduce. Then at some point
during the trailing edge of the pulse, laser gain equals absorber loss. After this, the
pulse sees net loss, so again a time window of net gain is established, and the pulse
is shortened on each round trip.
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1.8.2.2 Kerr lens modelocking
At sufficiently high intensities, the refractive index of a material can be noticeably
modified by the field intensity, so that in general, n = n(I). To a first order approx-
imation, the refractive index can be written as
n = n0 + n2I (1.16)
where the IDRI term has a coefficient n2 that is a positive constant, depending
on material. This phenomenon is called the optical Kerr effect and is generally
due to the electric fields deforming atomic or molecular orbitals, or reorientating
elongated molecules, resulting in hyperpolarisation of the medium. For a solid,
only deformation of the ion’s electron cloud can occur, so the response time of the
Kerr effect is on the scale of the rotation period of the outermost electrons (∼ few
attoseconds).
If we consider a beam propagating through a Kerr medium, in general it will have
a non-uniform transverse intensity profile (e.g. Gaussian), so that the intensity at
the centre of the beam will be higher than at the wings. This results in a nonlinear
refractive index change ∆n = n2I that is large at the beam centre and tends to zero
at the wings. For a Gaussian transverse intensity profile:
I = Ip exp[−2(r/w)2] (1.17)
where Ip is the peak intensity, r is the radial coordinate and w is the radius of the
beam, the nonlinear phase shift accumulated by the beam as it propagates through
a length l of the medium is
δφ =
2π∆nl
λ
(1.18)
=
(
2πn2Ipl
λ
)
exp[−2(r/w)2] (1.19)
∼=
(
2πn2Ipl
λ
)
[1− 2(r/w)2] (1.20)
To first approximation, δφ is parabolic in (r/w), which is equivalent to an induced
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spherical lens in the medium by the Kerr effect. Under sufficiently high field con-
ditions, when the beam power reaches a critical value, the propagating beam may
be focussed by this induced lens. This is known as self-focussing and can be used
in combination with a diffractive aperture to produce a nonlinear loss element, dis-
playing an intensity dependent loss and leading to modelocking2 [47].
Hard aperture KLM is one implementation that exploits this effect and is illustrated
in Fig. 1.9. The intracavity beam is focussed into a Kerr medium and a small
aperture is placed beyond this. The low intensity leading and trailing edges of the
beam will not induce a significant Kerr effect and will be attenuated by the aperture,
introducing loss into the cavity. The high intensity region of the beam will focus
more strongly, and suitable positioning of the Kerr medium and aperture will result
in a reduced loss for this part of the beam. With this discrimination between the low
and high intensity regions of a pulse, modelocking can be realised by analogy with
the fast saturable absorber case, where the intensity dependent loss is introduced
by the attenuation of the aperture.
Figure 1.9: Illustration of Kerr lens modelocking using self focussing of a Kerr medium
and a hard aperture.
It is also possible to implement KLM using a soft aperture. In one instance of this,
the self-focussing is used to produce a better overlap of the laser mode with the gain
region. The more strongly focussed regions of the beam experience a higher gain,
and discrimination between the low and high intensity regions of a pulse is achieved
in this way.
2It may be interesting to note that KLM was originally termed ‘magic’ modelocking when it
was discovered by Spence et al. [36] in c. 1990 since it was the first time modelocking had been
achieved without a saturable absorber. Once the dynamics were understood, however, the terms
KLM and ‘self’ modelocking replaced the magic.
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1.8.2.3 Nonlinear mirror modelocking
NLM modelocking also utilises the nonlinear optical properties of a material [43, 48]
and forms a focus of this thesis. The technique is based on the combination of
second harmonic generation (SHG) and difference frequency generation (DFG), in a
suitable nonlinear medium (nonlinear crystal, NLC) in conjunction with a dichroic
mirror with differential reflectivity between the fundamental and second harmonic.
The nonlinear medium and dichroic mirror form a nonlinear mirror, which exhibits
an intensity dependent loss. This is then analogous to the action of a fast saturable
absorber, leading to modelocking as previously described.
A nonlinear medium with χ(2) susceptibility is introduced into the laser cavity and
optimised for SHG in one pass through the medium, so that the propagating radia-
tion is a combination of fundamental and second harmonic frequencies. A dichroic
mirror is used as the output coupler of the laser system, which has high reflectivity
at the second harmonic, but partial reflectivity for the fundamental radiation. The
second harmonic is reflected totally back to the nonlinear medium, where under
correct conditions, it can be mixed with the fundamental radiation via DFG, and
converted back to the fundamental wavelength.
The low intensity leading edge of the pulse is weak and produces less significant SHG
and so it sees the low reflectivity of the dichroic output coupler at the fundamental
frequency, which is strongly coupled out of the cavity. At the high intensity centre
of the pulse, the amount of SHG will rise, which will see the high reflectivity of the
dichroic output coupler. If this reflected radiation can then be efficiently converted
back into the fundamental, the intense regions of the pulse will have experienced a
smaller overall loss than the low intensity regions, because a higher proportion of
the pulse that excited the nonlinear medium has been retained in the cavity. This
combination of SHG in the nonlinear medium and the dichroic mirror can thus be
combined to produce a nonlinear, intensity dependent loss to the cavity.
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1.9 Motivation of thesis
Q-switching and modelocking of lasers are extensively used in science and industry
for wide-ranging applications. There is currently a great interest in high average
power picosecond sources for materials processing. The use of nanosecond pulses in
micromachining applications involves heating and vapourisation of the surface being
machined. This can lead to undesired thermal side-effects like burring, recrystallisa-
tion and micro-cracks, the effects of which often only become apparent later in the
product life.
Lasers operating in the femtosecond regime tend to require more complex laser
systems that deliver less average power at a greater financial cost and with limited
improvement in micromachining quality. The high peak powers of femtosecond lasers
also leads to complications in beam delivery and can be susceptible to unwanted
nonlinear effects.
Picosecond lasers offer a good compromise: higher average power and pulse repeti-
tion rates allow for a good balance between high throughput and better reliability
at a fraction of the cost of competing technologies. The machining mechanism for
picosecond pulses is superior to that of nanosecond pulses. As opposed to heat-
ing and vapourisation, the surface structures are formed by ablation – removal of
a thin layer, or small volume of material, leaving no residual heat to contaminate
the surface. This kind of processing is currently required by many applications and
picosecond laser sources are increasingly implemented in all kinds of manufacturing
disciplines, including the semiconductor, photovoltaics and display industries.
The bounce geometry has already proven to produce high average power picosecond
pulses using SESAM’s [49], but further power scaling led to catastrophic damage to
the SESAM device. The NLM modelocking technique currently exhibits an order
of magnitude higher damage threshold than SESAM’s, but high power systems
have not yet been demonstrated. Given the broad area of potential applications of
picosecond sources and the demonstrated ability of the bounce geometry to produce
efficient, high power modelocked pulses, it is the aim of this thesis to examine the
feasibility of using the NLM modelocking technique to extend the output power of
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a modelocked bounce geometry laser.
1.10 Thesis outline
Chapter 2 continues this thesis with a detailed overview of laser cavity design, us-
ing the bounce geometry. The functional principles of pumping and cooling of the
amplifier are discussed, along with the applicability of cavity stability theory de-
scribed previously in this chapter to the bounce geometry. An experimental bounce
laser is presented. A novel design of the bounce geometry is then presented, which
produces highly circular, non-astigmatic beam profiles. An experimental stigmatic
bounce laser is finally presented.
Chapter 3 opens with a description of a passively Q-switched stigmatic bounce ge-
ometry laser. This begins with a description of the technique of passive Q-switching,
using Cr4+:YAG as a saturable absorber. The results of experimental implementa-
tion of this are then discussed, including presentation of the highest average power
passively Q-switched laser at 1064nm ever reported.
Chapter 4 gives a detailed description of the nonlinear optical theory behind the
nonlinear mirror (NLM) modelocking technique. The origins of the nonlinear re-
sponse in χ(2) media are first discussed. This is followed by a detailed mathematical
description of second harmonic generation (SHG), under both phase-matched and
phase-mismatched conditions. This is then applied to give a mathematical descrip-
tion of the NLM modelocking mechanism, describing the evolution of a nonlinear
reflectivity. Finally, a brief description is given of the cascaded-χ(2) modelocking
technique, which is similar to the NLM technique, but is operated in a phase-
mismatched regime. This is shown to impart a phase modulation on the laser mode,
that is analogous to KLM, inducing modelocking.
Chapter 5 presents experimental realisation of the NLM modelocking technique
as applied to the bounce geometry. The modelocking mechanism is first explored
in more detail, with a discussion of previous results obtained with this technique.
The first experimental results are presented, in a cavity employing a focus into
the nonlinear crystal (NLC). The technique is then applied to a stigmatic bounce
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geometry laser, since the improved spatial profile of the laser mode is thought to
enhance the NLM mechanism. The results of this are then presented.
Chapter 6 explores the use of the bounce geometry using mixed vanadate as the
laser gain medium. The highest power oscillator ever reported for this medium
is presented, with 27.5W achieved from a compact cavity and 23W TEM00 from
an asymmetric cavity. The NLM technique is then applied to this mixed vanadate
system for the first time. The result of 16.8W of average output power is the highest
power modelocked mixed vanadate laser to date.
Chapter 7 is the final experimental chapter and explores some power scaling tech-
niques. Initially some of the problems faced when power scaling are discussed. The
results of a double bounce geometry laser are then presented, and the subsequent
results of modelocking this cavity are discussed. A cavity employing increased pump
power, from a passively cooled pump diode is then described. High power modelock-
ing results are presented, with 33W of average power and a pulse duration of 10ps
indicated. This is the highest power NLM modelocked system to date and signifies
a real potential for the NLM modelocking technique in industrial scale lasers.
The final chapter is Chapter 8, which includes a summary of the main results and
conclusions of this thesis. Possibilities and suggestions for further work to extend the
work presented here are discussed, including some preliminary results of modelocking
at the 1.3µm transition of Nd:YVO4 using the NLM technique.
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Chapter 2
Laser Cavity Design
2.1 Introduction
This chapter discusses particular laser cavity designs that are implemented in this
thesis. The bounce geometry laser design will first be discussed, with a description of
its scheme of operation and the achievements made using this amplifier architecture.
Experimental implementations of the bounce geometry using cylindrical optics will
then be discussed. The results of these experiments will be presented, including
high power operation in a compact cavity (> 30W, 60% optical-to-optical efficiency,
67% slope efficiency) and TEM00 operation in an asymmetric cavity design (35W,
35% optical-to-optical efficiency, M2y = 1.1, M
2
x = 1.5).
A novel design of the bounce geometry will be presented, which aims to reduce
the inherent astigmatism suffered by the bounce geometry laser. The method of
achieving this will be discussed and the results of an experimental demonstration
will be included. These show that 13W of output power were achieved from 55W of
pump power from a highly circular, stigmatic TEM00 mode with M
2 ∼ 1.1 in both
horizontal and vertical directions.
Finally, a discussion of the Gaussian beam parameters that need to be considered
when extending laser cavities, or applying the output of a laser to an application
will be included. Transformation of a Gaussian beam waist using a lens system will
follow the treatment of Self’s paper of 1983 [50].
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2.2 Bounce Geometry
The bounce geometry is classed amongst diode-pumped solid-state (DPSS) lasers
and is considered in the sub-class of side-pumped slab lasers. Initially proposed by
Bernard and Alcock in 1993 [51], it demonstrated high Q-switch pulse energies at
1µm [52, 53] and the generation of high small-signal gains [54]. The design was
developed further by Damzen et. al in 2001 [55], who achieved CW operation with
output powers in excess of 20W. Since then, the laser design has been used for high
power scaling in both CW and pulsed operation.
2.2.1 Bounce geometry concept
The basic bounce geometry concept involves the laser mode taking a path of total
internal reflection (TIR), or ‘bounce’, at grazing incidence to the pump face of a slab
laser crystal. For materials with a short pump absorption depth, using a shallow
bounce angle (θB) ensures that the path of the laser mode remains in the high gain
region during the entirety of its TIR path through the slab. The mode is spread
across the pump face, providing good spatial overlap with the gain. This path also
helps to average spatial, gain and refractive index non-uniformities and averages out
thermal gradients in the plane of the bounce, reducing the effect of thermal lensing.
This results in an efficient pumping mechanism, with optical-to-optical conversion
efficiencies as great as 68% being reported from bounce oscillators [56].
A schematic of the bounce amplifier design, as viewed from above, is shown in Fig.
2.1. Typically solid-state laser crystal sizes used are 20 × 5 × 2 mm, where one
of the 20 × 2 mm faces is side pumped by a diode bar. The pump light (orange)
is absorbed close to the pump face, and the path of the laser mode (red) making
a shallow bounce through the pumped region. The pump diode is generally fast-
axis collimated by a microlens attached to the diode bar. The output of the diode
is subsequently focussed onto the pump face of the slab by a vertical cylindrical
lens (VCLD), creating a narrow line of gain approximately 10mm × 100 µm in
dimensions.1 With 10’s of Watts of diode pumping in Nd-doped vanadate, this
1Vertical cylindrical lenses are defined as lenses in which the focussing action is in the vertical
direction. In this case, leading to the formation of a horizontally-oriented line focus
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geometry can yield extremely high single-pass gains, with small-signal gains in excess
of 104 being measured [57].
Figure 2.1: Schematic of the bounce geometry, viewed top-down, showing the laser mode
taking a path of TIR with a shallow bounce angle, θB, at the pump face
2.2.2 Thermal lensing
Heat is generally removed from a bounce amplifier via the two largest faces of the
slab. These faces typically have dimensions 20×5 mm and can be conduction cooled
by contacting to a heat sink. The resulting heat flow, in combination with the
distribution of the pump radiation, leads to the evolution of temperature gradients
in the amplifier. These give rise to thermal lensing, as a result of the temperature
dependence of the refractive index (dn/dT ). The stress caused by the expansion
of the gain medium can also play a factor, but this has been estimated to make a
comparatively small contribution to the thermal lens and, for the purposes of this
thesis, be neglected [30, 58]. If dn/dT is positive (as is the case for most solid-state
media), this leads to a positive thermal lens.
From the centre of the amplifier, heat flows outwards in the vertical direction, to
the cooled top and bottom faces. Near the centre, this creates a parabolic-like
temperature profile, resulting in a thermal lens in the vertical direction. In the
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horizontal direction, a thermal lens arises due to temperature gradients caused by
the exponential absorption of the pump radiation at the pump face (usually the
20 × 2mm face). Spatial averaging over the bounce of the laser mode compensates
in part for this, but due to the grazing-incident bounce angle and finite width of the
gain region, the beam does not experience complete spatial averaging at the edges
[59]. Rays that bounce near the centre of the pump face pass through more of the
‘hot’ gain region than those that bounce near the edges. Therefore, there is a phase
shift across the beam that varies, creating a horizontal thermal lens. This effect
can be reduced by increasing the bounce angle, but this would reduce the overlap
between the laser mode and the gain region. Obtaining an ‘optimum’ bounce angle is
a compromise between better overlap of a TEM00 mode and weaker thermal lensing.
As a result of these effects, thermal lensing in the bounce geometry is generally
astigmatic and the ratio of the vertical dioptric power to that of the horizontal has
been measured to be approximately 20 [60]. Additionally, the gain medium as seen
by the laser mode is highly elliptical and this leads to complications in the design
of the laser cavity, but can be simplified by the incorporation of intracavity VCL’s.
The laser mode is then focussed vertically in the amplifier, leading to a small mode
size and thus the focussing effect of the vertical thermal lens is strongly limited by
diffraction. In the horizontal direction, however, the mode size is much larger and
despite a much weaker horizontal thermal lens, it has a much more significant effect
on the laser mode. This means that, although the effect of the vertical thermal lens
can largely be ignored, the horizontal lens will have a more prominent effect on the
behaviour of the laser.
2.2.3 Gain media
The bounce geometry was designed for use with gain media that experience strong
absorption at the pump wavelength. If the absorption is weak, a large bounce an-
gle is required for sufficient overlap of the laser mode and the gain region. Other
desirable properties when choosing a bounce geometry gain medium include large
stimulated emission cross-section for maximising gain and optical conversion effi-
ciency. Favourable thermo-optic properties like high thermal conductivity, low ther-
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mal expansion, low thermo-optic coefficient (dn/dT ) and low quantum defect are
also considered. Beyond continuous-wave operation, for Q-switching and modelock-
ing, factors like the fluorescence lifetime and gain bandwidth become important.
Table 2.1 gives a comparision of commonly used solid-state materials. The a and c
subscripts denote the different values for lasing selectively along the a and c axes
respectively for the birefringent crystals.
Nd:YVO4 Nd:GdVO4 Nd:YAG
Thermal conductivity κc 5.23 11.7
14
(Wm−1K−1) κa 5.10 11.4
Thermal expansion coefficient αTc 8.4 7.3
8.2
(10−6K−1) αTa 2.2 1.5
Absorption coefficient α 31 74 8
@808nm (cm−1)
Fluorescence lifetime τ 90 90 230
(µs)
Stim. emission cross-section σc 12 7.6
3
@1064nm (10−19 cm2) σa 7 1.2
Refractive index nc 2.16 2.19
1.82
@1064nm na 1.95 1.97
Thermo-optic coefficient (dn/dT )c 3.0 4.7
7.3
(10−6 K−1) (dn/dT )a 8.5 6.9
Table 2.1: Comparison of physical, spectroscoptic and optical properties of common gain
media used in the bounce geometry [3, 7, 61–64]
Nd:YAG has long been an industry standard solid state laser medium, with its
favourable thermal properties and long fluorescence lifetime. It has shown good
performance in the bounce geometry [57], but high dopant concentrations are nor-
mally required to achieve sufficient absorption. This can be problematic, since the
neodymium ions introduce strain on the crystal lattice. However, high quality crys-
tals have been grown with 2 at.% doping using the Czochralski method, yielding an
absorption depth2 of ≈ 1mm, which is short enough for efficient operation in the
2The inverse of the absorption coefficient
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bounce geometry. An output power of 46W has been reported from a bounce geome-
try system using Nd:YAG, with a slope efficiency of 60% [65]. Ceramic Nd:YAG has
also been investigated [11, 12, 66]. Ceramic crystals can be grown to much higher
doping levels without problems and are potentially cheaper to produce. Despite
these positives, results published so far have indicated poorer high-power perfor-
mance than crystalline Nd:YAG, with the highest slope efficiency of 44% [12].
Nd-doped orthovanadates have been known since 1966 [10], but were not utilised to
a great degree, since good optical quality crystals of sufficient size were difficult to
grow. More recently, improved crystal growth techniques have helped with this, but
the stark improvement of pump diodes increased the interest in such materials, as
smaller crystals could be used. The strong absorption of Nd:YVO4 at 808nm, with
1.1 at.% doping gives a short absorption depth of ≈ 300µm. This coupled with the
very large stimulated emission cross-section (about 4 times that of Nd:YAG) has en-
abled high efficiency systems to be built. A slope efficiency of 71% was demonstrated
using Nd:YVO4 [56], the highest reported from the bounce geometry. Nd:GdVO4
exhibits improved thermal properties and higher absorption coefficient in compar-
ison to Nd:YVO4, but the stimulated emission cross-section is lower. Comparable
performance has been obtained with both crystals in the bounce geometry.
2.3 Experimental compact bounce geometry laser
demonstration
The high gain characteristics of the bounce geometry are best demonstrated with
a high-power, compact cavity. As a precursor to later geometries of this thesis, a
compact laser cavity was constructed. The schematic of the laser oscillator is shown
in Fig. 2.2. The amplifier was an a-cut 1.1 at.% doped Nd:GdVO4 crystal with
dimensions 20× 5× 2 mm. The two 5× 2 mm emission faces were angled at 5◦ to
the pump face normal and were anti-reflection (AR) coated for the laser wavelength
of ∼1064 nm, to inhibit parasitic oscillations. The 20 × 2 mm pump face was AR
coated at the pump wavelength of 808 nm and the amplifier was pumped with a
fast-axis collimated diode laser with maximum CW power of 50 W. The output of
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the diode was vertically polarised, to access the stronger absorption coefficient of
Nd:GdVO4, parallel to the c-axis. This was focussed onto the pump face by a VCLD
of focal length 12.7 mm, forming a line focus on the pump face.
Pump diode
 @ 808nm
Nd:GdVO4
HR
VCL VCL
VCLD
R = 30%
1 2
L L1 2
Figure 2.2: Schematic of the compact bounce geometry laser
The slab was placed in a water-cooled copper mount and indium foil was used to
provide an effective thermal contact between the copper and the two 20 × 5 mm
faces. The pump diode was cooled by mounting it on a water-cooled copper heat
sink. Since the pump wavelength is highly dependent on temperature (0.2 — 0.33 nm
per ◦C), the diode emission wavelength was tuned by changing the temperature of
the coolant to obtain maximum absorption at high powers.
The laser cavity was formed of two plane-plane mirrors: one highly reflecting (HR)
at 1064nm, forming the back mirror; the other of partial reflectivity (R) at 1064nm,
forming the output coupler (OC). For this compact cavity, R = 30%. Two VCL’s
of focal length 50mm (VCL1 and VCL2 in the schematic of Fig. 2.2) were included
in the cavity, creating a beam waist in the crystal, matching the laser mode to
the narrow gain region in the vertical dimension. The oscillator was operated in a
compact and symmetric configuration, with L1 = L2 = 70mm, to minimise diffractive
losses.
The output power of this laser as a function of pump power is shown in Fig. 2.3.
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Figure 2.3: Output power as a function of pump power for a compact bounce geometry
laser
At the maximum pump power of 50W, an output power of 30.2W was measured.
This corresponds to an optical-to-optical conversion efficiency of ∼ 60%. The slope
efficiency of this graph was determined through applying a linear fit to the data and
found to be 67%.
The far-field intensity profile of the laser output is shown in Fig. 2.4 at 30 W
output power. In the vertical dimension, the spatial profile is close to Gaussian,
but is highly multimode along the horizontal. By including the intra-cavity VCL’s,
the fundamental mode was effectively matched to the gain profile in the vertical,
but not in the horizontal. Thus, in the horizontal, the fundamental mode is much
narrower than the gain, allowing higher-order horizontal transverse cavity mode to
oscillate. Although we achieve a high extraction efficiency, using a compact cavity
leads to a multimode spatial profile in the horizontal.
2.4 TEM00 bounce geometry laser
To optimise the horizontal beam quality, a cavity design is required so that the
fundamental laser mode size in the cavity is well matched to the size of the gain
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Figure 2.4: Spatial profile of compact bounce geometry laser
region. This will ensure that the TEM00 mode experiences the highest gain and that
higher-order modes of the cavity are suppressed. One way of achieving this is by
using the cavity arm lengths (L1 and L2) to control the mode size in the amplifier.
TEM00 operation has been demonstrated in the bounce geometry by means of an
asymmetric cavity configuration. By using the changing stability of a resonator with
an internal thermal lens this configuration is used to achieve mode matching at high
powers.
An asymmetric cavity was constructed, similar to that of the compact bounce geom-
etry laser discussed previously, but with the cavity arms extended to L1 = 125mm
and L2 = 300mm and the pump diode was replaced with a 100W micro-channel
cooled diode bar, in order to obtain higher output power.
The output power obtained from this system is shown in Fig. 2.5 as a function of
pump power. TEM00 operation was obtained at a pump power of 100 W, giving an
output power of 35W, corresponding to a conversion efficiency of 35%.
Figure 2.5 shows a significant dip in output power around 40 W pumping, where
the cavity became unstable in the horizontal, until around 85 W pumping. This
can be understood by considering cavity stability theory. The instance of two re-
gions of stable operation with respect to thermal lens power is a general feature
of an asymmetric resonator with an internal thermal lens. By setting the cavity
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Zone I Zone IIUnstable
Figure 2.5: Power curve for the asymmetric TEM00 bounce geometry laser
to unequal lengths, the two stability zones become separated by an unstable zone.
With increasing pump power (and hence thermal lens power), the resonator moves
between the first stable zone, followed by the unstable zone and finally settling in
the second stable zone. This can be understood by considering the mode profiles in
the cavity at the critically stable points.
2.4.1 Cavity stability
The stability of a laser cavity can be greatly altered by the presence of a thermal
lens inside the cavity [67], potentially preventing laser oscillation or changing the
resonator modes. In order to understand these effects on the bounce geometry laser,
the theory developed by Kogelnick [68, 69] and later expanded by Magni [70] can
be used.
Consider a resonator containing a thick lens of focal length f (see Fig. 2.6(a)). If
we now define the cavity arm lengths as measured to the principal planes of the
lens (hi), this can be reduced to the case of a resonator with an internal thin lens,
represented in Fig. 2.6(b). The radii of curvature of each mirror are given by R1
and R2 and the distances between each mirror and the nearest principal plane of
55
hh
1
2
R R1 2
L' L'
L L
1
1 2
2
a)
b)
L  = L'  - h
L  = L'  - h
1 1 1
2 2 2
f
Figure 2.6: Schematic of simplified resonator containing an internal thin lens.
the lens are L1 and L2, respectively. In this analysis we will take L1 < L2 so that
the lens is closer to the back mirror. The total cavity length of the resonator (L) is
L = L1 + L2 (2.1)
and the effective cavity length, L
′
is defined as
L
′
= L1 + L2 − L1L2
f
(2.2)
The g-parameters g1 and g2 for resonator stability analysis are given by
g1 = 1− L2
f
− L
′
R1
(2.3)
g2 = 1− L1
f
− L
′
R2
(2.4)
For the case of a plane-plane cavity, as used in this thesis, R1 = R2 = ∞, so the
g-parameters are simplified to
g1 = 1− L2
f
(2.5)
g2 = 1− L1
f
(2.6)
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Resonator stability is given by the condition 0 < g1g2 < 1. A plot of the g parameters
is shown in Fig. 2.7. The axes correspond to g1g2 = 0 and the hyperbolæcorrespond
to g1g2 = 1. Zones I and II are the two stable regions of oscillation and the points
A — D corresponding to four special cases of thermal lens strength. The resonator
begins at point A, where the cavity is marginally stable, with f =∞. As the thermal
lens power, 1/f is increased, the resonator passes through two zones in which the
resonator is stable. Between these zones, i.e. between points B and C, the resonator
passes through an unstable zone where no stable cavity modes exist. The resonator
finally reaches point D, after which the thermal lens is too strong to support stable
laser oscillation. For an exactly symmetric resonator, the gap between these zones
goes to zero and they behave as one large zone, as defined by the solid diagonal line
of g1 = g2 illustrated in Fig. 2.7. Generally, though, it can be shown that for an
asymmetric configuration, there are always two stability zones with respect to 1/f .
g
g
1
2
1/f
1/f
Figure 2.7: Plot of g2 against g1 with the two stable zones indicated. The lines indicate
the behaviour of a plane-parallel cavity as the thermal lens power increases. For an
asymmetric cavity, the resonator passes through two stability zones, indicated by the
dashed line; for a symmetric cavity, these two zones merge into one, indicated by the solid
line.
57
Considering the effect of the thermal lens power on the size of the mode inside the
resonator, Magni shows that the spot size on the thin lens at the gain region can be
expressed as:
w2g =
λ
π
2KL1L2 + L1 + L2
[(1− g1g2)g1g2]1/2 (2.7)
Figure 2.8 shows a plot of wg against dioptric power for an asymmetric resonator,
clearly indicating the two zones of stability. The resonator is stable while the mode
size in the gain region remains a finite size, but as the spot size asymptotically
tends to infinity, the cavity becomes unstable. These unstable points coincide with
the thermal lens powers K = 0, 1/L2, 1/L1, (1/L1 + 1/L2). For efficient TEM00
operation, the cavity mode size in the gain region must match closely the size of the
gain region itself, therefore the minimum spot size wg0 should be close to Xg, the
approximate size of the gain region as seen by the mode for the bounce geometry.
Magni further shows that the minimum spot size in the gain region is given by:
w2g0 =
2λ
π
1
∆(1/f)
(2.8)
where ∆(1/f) is the width of the stability region indicated in Fig. 2.8 and is equal to
1/L2. Therefore wg0 ∝
√
(L2). As the length of the longer cavity arm is increased,
the plot in Fig. 2.8 shifts upwards, and the minimum spot size of the cavity mode
can be better matched with the gain region size.
For TEM00 operation, it is also important to consider the variation of spot size for
higher order spatial modes of the cavity. An arbitrary higher order mode is also
indicated in Fig. 2.8 and has the same form as for the fundamental mode, but with
larger spot size. The significance of this with regards to TEM00 operation can be
understood by considering the operation of the laser close to the beginning of one
of the stability zones. Here, while the fundamental mode may be smaller than the
gain region, the higher order modes of the cavity are subjected to higher diffractive
losses and are thus suppressed, even with a large amount of un-extracted gain. So by
suitable choice of cavity arm lengths, it is possible to configure a resonator such that
for a certain range of pump powers (and hence thermal lens powers), the TEM00
mode is well matched to the gain region for high efficiency operation, preventing
higher order modes from attaining threshold.
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Figure 2.8: Variation of spot size on the gain region, wg, with dioptric power for an
asymmetric cavity with internal thermal lens. The size of the gain region is given by Xg.
Higher order modes have larger spot sizes and thus experience larger diffractive losses.
Since a plane-plane cavity was used, the stability analysis is simplified: at each
critical point, the thermal lens either focusses at infinity or at one or both of the
cavity mirrors. This is illustrated in Fig. 2.9. When the pump power is zero, the
resonator is marginally stable (g1 = g2 = 1), with the focal length of the thermal
lens f =∞. As the pump power is increased, it remains stable until the focal length
is equal to the longest cavity arm length (f = L2). Here, the resonator becomes
unstable, until the thermal lens is strong enough to form a focus on the shorter
arm (f = L1), and the cavity returns to stability. The final stable point is reached
when the lens is strong enough to form a focus onto both mirrors simultaneously:
1/f = 1/L1+1/L2. By varying the arm lengths, the position of these critical points
with respect to thermal lens power can be controlled: L2 controls the onset of the
instability and L1 determines when the cavity returns to stability.
The far-field intensity profile of the output beam is shown in Fig. 2.10. The beam is
approximately TEM00, but the profile is broader in the horizontal than the vertical.
In order to investigate the disparity in the spatial profile between the horizontal and
vertical, a measurement of the beam M2 (see Appendix A) was taken. A fraction of
the output of the laser was focussed using a spherical lens and observed with a CCD
camera. The second moment beam radius was measured along the horizontal and
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Figure 2.9: Cavity mode profiles at the four critical points of a plane-plane resonator
with internal thermal lens. The spot size at the lens at each of these points →∞
Figure 2.10: Spatial far field intensity profile of 33W asymmetric bounce geometry
oscillator
vertical axes and plotted as a function of position along the optic axis. This plot is
shown in Fig. 2.11. The M2 fit shows that the measurement was 1.1 in the vertical
(M2x) and 1.5 in the horizontal (M
2
y). The plot also shows that the beam comes to
a separate focus for both the horizontal and vertical dimensions, since the plots do
not overlap. This indicates astigmatism, characteristic of the side-pumping regime.
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Figure 2.11: M2 measurement of the output beam from the asymmetric bounce geometry
laser.
Additonally, the lower conversion efficiency as compared with other TEM00 bounce
oscillators may be accounted for, in part, by the use of the high power pump diode.
The lower power diode bars used in many previous bounce oscillators tend to have
better spatial profiles than the higher power pump diodes.
2.5 Circularising the bounce geometry
We have found that the bounce geometry is an efficient laser scheme for producing
high-power operation. However, the design has some disadvantages. Although low
M2 values are attainable, the output of a bounce geometry laser generally exhibits
a high degree of astigmatism. This is a consequence of the natural asymmetry of
the gain size and thermal lens. Here, a system is discussed that achieves circular,
stigmatic TEM00 output. A technique is used to impose radial symmetry on both
the gain profile and thermal lens in a bounce geometry amplifier through control of
the pumping scheme and bounce angle.
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2.5.1 Stigmatic amplifer design
The stigmatic bounce geometry was conceived and implemented by Chard et al.
[71] and was intended to simultaneously enforce radial symmetry on the amplifier
design to generate circular, stigmatic laser output and to provide a greater gain
volume to allow improved control over Q-switch repetition rates. These two aims
were successfully achieved, with over 14W of output power obtained, in a highly
circular TEM00 beam of M
2 < 1.05 and stable Q-switching over repetition rates of
40 – 900kHz.
In the ‘standard’ bounce design, a VCL is used to focus the pump radiation to a
small region in the vertical dimension. Two further VCL’s are incorporated into the
cavity to match the cavity mode to the narrow gain region. In order to assess the
asymmetry of the bounce design, we can consider how the pump profile is projected
from the pump beam onto the input face of the amplifier, as shown in Fig. 2.12. The
cartoonised gain profile represents the spatial size and shape of the gain region that
the cavity mode ‘sees’. Since the pump beam is focussed to a thin strip of gain on the
pump face, the pump profile generally appears elliptical, favouring the production
of a laser beam that is non-circular. Additionally, asymmetry is introduced in the
way the laser is cooled — the heat is removed from the top and bottom faces of
the slab and thus heat flow is predominantly in the vertical direction. The strong
vertical thermal lens is mainly due to the small vertical pump size, leading to strong
thermal gradients. Therefore, the amplifier exhibits an elliptical gain profile and an
astigmatic thermal lens.
Chard et al. found that by controlling some of the dimensions of the amplifier, it was
possible to create an amplifer with both circular gain profile and spherical thermal
lens. This was achieved through the variation of the bounce angle, θB and the
distance, d from the diode focussing lens, VCLD, to the pump face. The variation
of the bounce angle controlled the effective size of the horizontal gain region, as
seen by the cavity mode; the variation of the VCLD position was used to expand or
contract the vertical diameter of the pump beam on the pump face. As illustrated
in Fig. 2.13, the bounce angle was decreased and the pump beam was defocussed,
such that the gain profile now appeared symmetric, as viewed by the cavity mode.
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Figure 2.12: Conceptual diagram of a standard bounce amplifier, showing the elliptical
gain profile
Figure 2.13: Conceptual diagram of a stigmatic bounce amplifier with a circularised
gain profile
2.5.2 Experimental stigmatic bounce geometry laser
An experimental stigmatic bounce oscillator was constructed to test the design for
possible use for pulsed laser systems beyond those which were tested by Chard
et al. The schematic of this system is shown in Fig. 2.14. Conversely to the
Nd:GdVO4 used in the standard bounce geometry experiments previously discussed
in this Chapter, the laser crystal used was a 1.1 at.% doped Nd:YVO4, since this
was the gain medium already tested in the stigmatic design. The crystal had the
same dimensions as the one previously detailed, but the emission faces were angled
at −14◦ with respect to the pump normal, instead of 5◦. The pump diode used was
a nominally 60W diode bar, operating at 808nm. The vertical diameter of the pump
radiation on the laser crystal was controlled by a 6.36mm VCLD, whose distance
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from the pump face, d, was varied to expand or contract the pump size. A plane-
plane cavity was constructed with L1 = 65mm and L2 = 120mm, with no inclusion
of intracavity VCL’s. The cavity mirrors were angled to control the bounce angle
and an OC of R = 70% was used.
Pump diode
 @ 808nm
VCLD
HR
R = 70%
Nd:YVO4
L L1
2
Figure 2.14: Schematic of CW stigmatic bounce geometry laser
The optimum θB for this system was found to be ∼ 2.5◦. At d = 10mm, when
the laser entered the unstable zone, the spatial profile as viewed on a CCD camera
appeared to show the laser becoming unstable along the horizontal and vertical axes
simultaneously. This indicated that the thermal lens was approximately spherical, in
contrast to the standard bounce design which only goes unstable in the horizontal.
Figure 2.15 shows the power curve for this system. This still exhibits the same
stability behaviour as the standard bounce design, since an asymmetric cavity is
again implemented for TEM00 operation and a thermal lens is still present in the
cavity (though now spherical). A maximum output power of 13W was recorded
in TEM00, for a pump power of 55W. This corresponds to an optical-to-optical
conversion efficiency of 24%, significantly lower than in most other bounce geometry
lasers.
The reason for this stark decrease in efficiency is largely owing to the lower gain that
the stigmatic bounce laser experiences. Since the amplifier’s small-signal gain was
much lower than that experienced by the amplifier in the tightly focussed geometry,
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Figure 2.15: Power curve for stigmatic bounce geometry laser in asymmetric cavity
configuration
the threshold pump power was much higher. This necessitated the use of a higher
reflectivity OC, reducing the output coupling efficiency. The bounce angle was much
smaller than that used in the standard bounce cavity, so it is possible that at such
a low bounce angle, the laser mode did not overlap as well with the exponentially-
absorbed pump radiation below the pump face. Additionally, the imperfect spatial
overlap between the TEM00 mode and the gain along the pump face would also have
reduced the efficiency.
The spatial profile and M2 of the stigmatic laser output is shown in Fig. 2.16,
exhibiting high circularity. The measured M2 was found to be 1.1 in both the
horizontal and vertical dimensions and showed low astigmatism with the horizontal
and vertical coming to focus at approximately the same position.
2.6 Imaging for extended cavities
For the case of simple, compact plane-plane cavities, like the ones described earlier
in this chapter, it is not often necessary to consider how the laser mode propagates in
the cavity. However, when the output of the laser is required for applications, or the
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Figure 2.16: Measured M2 and far-field spatial profile of the stigmatic bounce laser
output
cavity needs to be prepared for other uses (for example: modelocking), it is useful
to be able to predict the propagation of the beam. If this is done computationally,
ray transfer matrices can be utilised simply. If we just require knowledge as to how
the Gaussian beam propagates through a set of optics, it can be more intuitive to
determine through the use of a set of equations [50].
2.6.1 Focussing uniform spherical waves
The most basic treatment of a set of thin lenses in geometrical optics neglects diffrac-
tion and considers point objects and images. The waves are assumed to be uniform
and spherical, with wavefront radii of curvature equal to the distance from the point
object (s) or image (s′). When a lens of focal length f is introduced to the system,
the change in wavefront radius of curvature is simply 1/f . The standard thin lens
formula is thus given by:
1
s
+
1
s′
=
1
f
(2.9)
The magnification to the object is given by:
m =
∣∣∣∣s
′
s
∣∣∣∣ = 1|1− (s/f)| (2.10)
This set of equations is useful for determining simple image formation, but when
considering the propagation of laser beams, we can no longer assume uniform spher-
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ical waves. Thus, we must consider the treatment for spherical Gaussian beams.
2.6.2 Properties of spherical Gaussian beams
The TEM00 mode from the output of a laser cavity is a spherical Gaussian beam.
This has a waist, where the wavefront is plane and the beam diameter is at a
minimum. In cylindrical coordinates, the normalised intensity distribution is:
I(r, z) = (2πw2) exp(−2(r/w)2) (2.11)
where the beam radius, w, to 1/e2 of the intensity on axis is given by:
w(z) = w0[1 + (z/zR)
2]1/2 (2.12)
where w0 is the beam radius at the minimum waist (z = 0) and the Rayleigh length,
zR is:
zR =
πw20
λ
(2.13)
This Rayleigh length represents the distance that the beam propagates from the
minimum waist position (z = 0) to the position where the beam radius becomes
√
2w0. From this definition, we define the far-field as z > zR. The radius of the
wavefront curvature is
R(z) = z[1 + (zR/z)
2] (2.14)
In the near-field, for z << zR, R ∼ z2R/z → ∞ for z → 0. In the far-field, for
z >> zR, R ∼ z and the waves approximate those from a point source centred at
the waist.
In the far-field, the beam radius is
wFF → w0(z/zR) = λz
πw0
(2.15)
and the half-angle of divergence is
θFF =
wFF
z
=
λ
πw0
(2.16)
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Thus, we can see that from w0 and λ, we can determine all the beam properties.
2.6.3 Focussing spherical Gaussian beams
In considering the focussing of spherical Gaussian beams, we draw comparison with
the geometrical optics case: the waist of the input beam (w0) is regarded as the
object and the waist of the output beam (w′0) is the image. The ratio of the out-
put/input (w′0/w0) waists is the magnification (m).
If we have a specified input beam waist, w0 and object distance, s, then the Rayleigh
length zR, beam radius w(s) and radius of curvature R(s) can be determined through
use of the Eqs. (2.12), (2.13) and (2.14). For the case of a thin lens, the beam radius
is unchanged through the lens and the radius of curvature is changed by 1/f , as in
geometrical optics. From this, we can determine the characteristics of the output
(image) beam.
Applying the aforementioned formulæ, the lens formula for a Gaussian beam is
obtained:
1
f
=
1
s+ z2R/(s− f)
+
1
s′
(2.17)
The magnification is now given by
m =
w
′
0
w0
=
1
{[1− (s/f)]2 + (zR/f)2}1/2 (2.18)
For z2R << (s− f)2, this reduces to the formula for geometrical optics.
The Rayleigh length for the output beam is given by
z
′
R = m
2zR (2.19)
If, however, we were to trace backwards from the output beam to determine the
input beam characteristics, the lens formula is then:
1
f
=
1
s
+
1
s′ + z
′2
R/(s
′ − f) (2.20)
Using these equations, it is now possible to determine the required dimensions when
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extending laser cavities to incorporate intra-cavity lens elements with success, or
applying the output of the laser to the specific application.
2.7 Conclusions
The bounce geometry laser has been discussed, with a detailed description of the
concept. Preliminary results obtained from a compact cavity for high power, mul-
timode operation were presented. This cavity resulted in > 30W of output power
from 50W of pump power, corresponding to an optical-to-optical efficiency of ∼ 60%
and a slope efficiency of 67%. An asymmetric resonator design was introduced for
TEM00 operation, with discussion regarding the stability conditions of the resonator.
An output power of 30 W was obtained from 100W of pump power (thus an optical-
to-optical efficiency of 35%) in TEM00 mode. The measured M
2 of this system was
found to be 1.1 in the vertical and 1.5 in the horizontal, with astigmatism evident
in the beam.
A novel cavity design for circularising the bounce geometry laser was subsequently
introduced. This design involved defocussing the pump radiation and decreasing the
bounce angle to adjust the gain profile, making it appear more circular as viewed
by the cavity mode. Operating this system in an asymmetric configuration resulted
in an output power of 13W for 55W pump power. This corresponds to an optical-
to-optical efficiency of 24%. The M2 for this system was measured to be 1.1 in both
the horizontal and vertical directions.
Finally, the formulae required for focussing spherical Gaussian beams were pre-
sented. These would be required for designing extended laser cavities incorporating
additional intra-cavity elements. Additionally, they could be utilised for obtaining
specific characteristics for applications involving the output of the laser. The use of
these laser designs and design formulae will be used in later chapters of this thesis.
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Chapter 3
Passive Q-switching
3.1 Introduction
Q-switching of lasers is a simple and effective way of producing high peak powers for
use in a variety of applications, including materials processing. Passive Q-switching
can have advantages over active Q-switching in terms of compactness and afford-
ability, since bulky and potentially expensive electronic devices are not required.
Cr4+:YAG experiences absorption at wavelengths between 900 — 1100 nm and its
use as a passive Q-switch for lasers operating at 1064 nm has been widely docu-
mented [65, 72–74]. However, passively Q-switched lasers are generally limited to
low average output powers, typically ∼ 1W. In a few cases, multi-Watt performance
has been demonstrated but >10W has not been achieved in Nd:vanadate systems
so far. This chapter discusses the use of a Cr4+:YAG crystal to passively Q-switch a
stigmatic Nd:YVO4 bounce geometry laser, operating at high power. This work was
presented at an international conference [75] and was published in a peer-reviewed
journal [76].
3.2 Theory
Q-switching is so-called since it involves altering the optical Q of the laser cavity.
The Q-factor is the ratio of energy stored in the cavity to energy loss per cycle –
the higher the Q-factor, the lower the losses. Initially, the cavity loss is set to an
artificially high value, giving the cavity a low Q-factor. The inversion is pumped
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to a much larger value than would normally be permitted in an oscillator. Hence,
the gain and energy stored are also allowed to reach much higher values than in
free-running operation. When a large inversion has accumulated, the cavity Q is
restored (‘switched’), resulting in a round-trip gain that is larger than the cavity
loss (and much larger than normal). The initial spontaneous emission in the cavity
starts to build up rapidly, developing into an intense release of energy in the form
of a giant pulse. This giant pulse becomes sufficiently powerful that it starts to
saturate and deplete the population inversion in a short space of time, driving the
inversion down to below the new cavity loss level and the pulse dies out [3].
Total losses
Gain
Photon flux
Time
Figure 3.1: Illustration of the evolution of the gain, loss and photon flux with time in a
passively Q-switched laser
The temporal evolution of the gain, losses and photon flux is illustrated in Fig. 3.1.
After the gain exceeds the losses, including those introduced by the absorber, cavity
radiation grows leading to a bleaching of the absorber and increased growth until
a pulse is emitted. The absorber then recovers and gain once again grows and the
process is repeated. The rate at which the pulses are emitted (the pulse repetition
rate) is dependent on pump rate but is ultimately limited by the recovery time of
the absorber. Increasing the pump power increases the repetition rate, with the
pulse energy and pulse length remaining fixed.
This approach to Q-switching can be simple and cost effective, since it does not re-
quire any bulky elements in the cavity and no external driving electronics. However,
71
the Q-switching behaviour is dependent on the saturation properties of both the gain
medium and absorber. Additionally, there is no control over the timing of the Q-
switched pulse and the pulses can be subject to shot-to-shot amplitude fluctuations
and timing jitter. Traditionally, saturable absorbers were typically organic dyes in
solution or solid form and were subject to chemical and photochemical degradation
in use. However, these days solid state absorbers, like Cr4+:YAG and SESAM’s, are
used more frequently, producing reliable and robust passively Q-switched lasers.
3.2.1 Rate equations for passive Q-switching
The rate equations for Q-switching by saturable absorber are given by:
dn
dt
=
ηpumpPpump
V
(
λp
hc
)
− cσenφ− n
τf
(3.1)
dφ
dt
= cσenφ
lg
l
− cσa(N0 − na)φla
l
Ae
Aa
− φ
τc
+
n
τf
Ω (3.2)
dna
dt
= cσa(N0 − na)φAe
Aa
− na
τa
(3.3)
where n is the inversion population density, φ is the photon flux density, ηpump is
the pump quantum efficiency, Ppump is the pump power, V is the volume of the
pumped region, hc/λp is the photon energy of the pump, c is the velocity of light, σe
is the stimulated emission cross-section of the gain medium, τf is the fluorescence
lifetime of the upper level, na is the population density of the excited-state in the
absorber, τa is the decay time of the excited level in the absorber, lg is the length
of the pumped region, la is the length of the absorber, l is the cavity length, Ω
is a factor accounting for the fraction of spontaneous photons contributing to the
lasing, N0 is the total number of ions in the absorber, Ae/Aa is the ratio of the laser
mode area in the gain medium to the mode area in the absorber and τc is the cavity
photon lifetime, given by Eq. (3.4) (where R is the reflectivity of the OC and Li is
the internal loss of the cavity per round-trip). These parameters are listed in Table
3.1 with the values for the experimental Cr:4+YAG Q-switched laser discussed later
in this chapter.
τc =
2l
c
(
ln
(
1
R
)
+ Li
)
(3.4)
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Parameter Value
ηpump Pump quantum efficiency 1
Ppump Maximum pump power (W) 50
V Laser volume (cm3) 0.003
λp Wavelength of pump (cm) 0.8 ×10−4
σe Stimulated emission cross-section of gain medium (cm
2) 12 ×10−19
τf Spontaneous fluorescence lifetime (µs) 90µs
σa Absorption cross-section of absorber (cm
2) 30 ×10−19
τa Upper-state lifetime (µs) ∼ 4µs
l Cavity length (cm) 19 cm
lg Pumped length (cm) ∼2
la Absorption length of saturable absorber (mm) 3
Ω Spontaneous emission factor 1.0×10−5
R Reflectivity of output coupler 0.3, 0.7
Li Internal dissipative optical losses 0.02
Ae/Aa Ratio of laser mode areas in gain medium and absorber ∼ 4
Table 3.1: Physical parameters for numerical simulation of passively Q-switching [77, 78].
These equations can be solved numerically to simulate the temporal evolution of the
Q-switched pulses and obtain a criterion for stable Q-switching. This criterion is
given by:
ln(1/T 20 )
ln(1/T 20 ) + ln(1/R) + Li
σa
σe
Ae
Aa
>
1
1− β (3.5)
where T0 is the transmission of the unsaturated saturable absorber and β is the
ratio of the excited state absorption cross-section to the ground-state absorption
cross-section of the absorber [77].
3.3 Experimental system
Traditional bounce geometry lasers are implemented to exploit the high gain of
a-cut Nd:vanadate crystals. The high inversion created by pumping at 808 nm
leads to efficient, high-power operation. This is not ideal for passive Q-switching
(particularly with Cr:4+YAG), since the high laser intensity immediately bleaches
the absorber (effectively, the Q-switch is permanently ‘open’). The use of c-cut
gain media has been successful in producing high peak power passively Q-switched
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lasers [79–81] but they experience increased thermal lensing as compared with a-cut
crystals since the dna/dT is ∼ 3 times greater than dnc/dT . The stigmatic bounce
geometry laser design, however, experiences lower gain and highly circular output
spatial beam profiles. The effect of this lower gain and stigmatic output is thought
to enhance passive Q-switching with Cr:4+YAG.
3.3.1 Experimental Q-switched system
The experimental passively Q-switched system used was formed of an a-cut Nd:YVO4
laser crystal in the stigmatic bounce geometry laser design. The schematic of Fig.3.2
shows the experimental cavity design for the passively Q-switched stigmatic bounce
laser. The laser crystal was an a-cut slab of 1.1 at.% doped Nd:YVO4. The cavity
was formed of two plane-plane mirrors: a back mirror HR coated for 1064nm placed
at L1 = 70mm away from the centre of the crystal, and an output coupler (OC) of
partial reflectivity (R) placed at L2 = 120mm away from the centre of the crystal.
Two OC’s, one of R = 30% and the other, R = 70%, were implemented separately
to determine whether the OC reflectivity affects the Q-switching performance in any
way.
Figure 3.2: Schematic of passively Q-switched stigmatic Nd:YVO4 bounce laser with
Cr4+:YAG saturable absorber crystal placed near the highly reflecting (HR) back mirror;
OC = output coupler.
The Nd:YVO4 crystal had dimensions 20 × 5× 2mm and was contact cooled via
the two 20 × 5mm faces. The two 5 × 2mm faces were AR coated for the lasing
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wavelength of 1064nm and angled at 14◦ to inhibit any parasitic oscillations. The
crystal was pumped by an 808nm fast-axis collimated laser diode via the 20× 2mm
face, which was AR coated for this wavelength.
The pump radiation was directed onto the crystal using a vertical cylindrical lens
(VCLD) of focal length 12.7mm, placed approximately twice its focal length away
from the crystal. An experimental bounce angle of ∼ 3◦ was used. This system
developed was analogous to that described in Chapter 2. It is thought that the
improved, stigmatic spatial quality in combination with the lower gain of the laser
will enhance the Q-switching performance compared to the standard, tightly-focused
bounce geometry design.
The Cr4+:YAG crystal had dimensions 5 × 5 × 3mm and initial transmission (T0)
of 84%. It was placed in a copper mount, 5mm away from the back mirror. It was
initially implemented with the R = 30% OC and subsequently with the R = 70%
OC.
3.4 Q-switching results
3.4.1 Output power
The power curves for both continuous-wave (CW) (with the Cr4+:YAG removed
from the cavity) and Q-switched operation, for the cavity employing the OC of R
= 30% are shown in Fig. 3.3. The closed black circles of Fig. 3.3 indicate the
variation of the output power in CW operation, with a maximum output power of
14 W from ∼ 50 W pumping. The threshold for CW lasing in this system was
17 W. When the Cr4+:YAG was introduced to the cavity, this threshold increased
to around 20 W, with the threshold for Q-switching measured at 40 W. In each
case, the laser passed through two zones of stability, due to the power-dependent
thermal lens (as discussed in Chapter 2). This Q-switching threshold corresponds
to the point at which the laser enters the second stability zone, with the thermal
lens forming a focus at the back mirror. Q-switching was observed throughout the
entirety of this second stability zone and a maximum output power of 11.2 W was
recorded for 50 W of pumping. This is the highest average power of any passively
75
Q-switched Nd:vanadate laser ever reported.
Figure 3.3: Variation of output power with pump power for CW (closed black circles)
and Q-switched (open red circles) operation with the R = 30% output coupling cavity.
While exhibiting a slightly lower output power, the R = 70% OC cavity showed
a decreased CW lasing threshold of 13 W as compared with the R = 30% cavity
threshold of 17 W, due to the increased cavity flux. The power curve for the R
= 70% OC cavity is shown in Fig. 3.4. The maximum CW power (closed black
squares), for 50 W pumping, was 13.8 W — comparable to that obtained from the
R = 30% OC cavity. For Q-switched operation (open red squares), the threshold for
lasing was 17 W and the Q-switching threshold was 42 W. At 50 W pumping, 11 W
of output power was measured. Once again, in both CW and Q-switched operation,
the laser passed through two zones of stability, with Q-switching throughout the
second stability zone.
3.4.2 Spatial characteristics
The spatial profiles of the laser output in CW and Q-switched operation are shown
in Fig.3.5 for both OC’s. Figures 3.5(a) and (b) show the beam profiles using the R
= 30% OC; (a) for CW operation with the Cr4+:YAG removed from the cavity and
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Figure 3.4: Variation of output power with pump power for CW (closed black squares)
and Q-switched (open red squares) operation with the R = 70% output coupling cavity.
(b) for Q-switched operation. Figures 3.5(c) and (d) show the corresponding beam
profiles obtained using the R = 70% OC.
For the R = 30% OC cavity in CW operation, the M2 beam quality factor was 1.2
in both the horizontal and the vertical. When the Cr4+:YAG was inserted into the
cavity, under Q-switched operation the M2 was measured as 1.3 in the horizontal
and 1.4 in the vertical. In CW operation in the R = 70% OC cavity, the M2 was 1.3
in the horizontal and the vertical. When Q-switching, this increased to 1.45 in the
horizontal and 1.5 in the vertical. These M2 measurements were taken at an output
power of ∼12 W in CW operation and ∼10 W in Q-switched operation for both OC
reflectivities.
3.4.3 Temporal characteristics
Figure 3.6 shows the temporal output under pulsed operation. Figures 3.6(a) and
(b) show the Q-switched pulse train and a single pulse at 48W pumping in the R =
30% OC cavity. Figures 3.6(a) and (b) show a small amount of pulse jitter (∼ 10%)
and minor modulation on the temporal profile.
Figures 3.6(c) and (d) show the pulse train and a single pulse obtained using the
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R = 30% output coupler
R = 70% output coupler
a) b)
c) d)
Figure 3.5: Spatial beam profiles obtained: (a) in CW operation and (b) in Q-switched
operation with the R = 30% output coupler; (c) in CW operation and (d) in Q-switched
operation with the R = 70% output coupler.
R = 70% OC, also at 48W pumping. They show an improvement, with less pulse
jitter evident (∼ 4%) and a smoother form to the single pulse. For this cavity, the
stability criterion was met for pump powers over 44W. The pulse repetition rate
at this pump power was measured at 190kHz. This value is close to the maximum
permissible for Cr4+:YAG, which has an upper state lifetime of ∼ 4µs [78].
The variation of repetition rate and pulse duration with pump power for the R =
30% OC are plotted in Fig. 3.7. The repetition rate varied between 120 — 160 kHz
with increasing pump power. At 49 W pumping and a repetition rate of 160 kHz,
the pulse duration was ∼ 30 ns, corresponding to a pulse energy of 70 µJ and
a peak power of 2.3kW. The temporal characteristics, however, appear to be quite
complicated. One would expect the repetition rate to simply increase with increasing
pump power and the pulse duration to remain largely unaffected. However, Fig. 3.7
indicates a decrease in repetition rate until around 44 W pumping, where the trend
reverses and steadily increases. The pulse duration decreases sharply until around
the same pump power, when it levels to an approximately steady 30 ns.
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Figure 3.6: Q-switched operation at 48W pumping: (a) pulse train and (b) single pulse
obtained from R = 30% output coupler; (c) pulse train and (d) single pulse obtained from
R = 70% output coupler.
Figure 3.7: Variation of repetition rate and pulse duration of the Q-switched pulses for
the R = 30% output coupler.
Figure 3.8 shows the variation of repetition rate and pulse duration with pump power
for the R = 70% OC cavity. The repetition rate varied between 145 — 190 kHz and
the maximum repetition rate occurred at a pump power of 47 W, where the pulse
duration was also ∼ 30 ns. The corresponding pulse energy was therefore 58 µJ and
the peak power was 1.9 kW. Again, the repetition rate appears to behave somewhat
79
unusually. Though the pulse duration seems to remain stable, the repetition rate
levels and becomes almost constant after 46 W pumping. This apparent limitation
to the repetition rate may be due to the upper state lifetime of the Cr4+:YAG
(∼ 4 µs). The measured 190 kHz is likely to be close to the maximum achievable
for Cr4+:YAG and so for pump powers beyond 46 W, it may not be able to fully
recover after each pulse that is emitted.
Figure 3.8: Variation of repetition rate and pulse duration of the Q-switched pulses for
the R = 70% output coupler.
In order to understand further the complex temporal characteristics in Fig. 3.7, it
may be necessary to consider the mode size variation in the Cr4+:YAG crystal at
different pump powers. When the laser enters the second stability zone, the beam
waist forms at the back mirror — for the purposes of this experiment, the Cr4+:YAG
was placed near the back mirror to take advantage of the smaller mode size. The
experimental measurement of the variation of mode size at the Cr4+:YAG crystal
with pump power is plotted in Fig. 3.9. Most of the rapid variation of mode size
occurs between 40 — 44 W; at 40 W pumping, the mode size was measured to be
200 µm, whilst at 48 W, it decreased to 70 µm.
Now, if we consider the criterion for stable Q-switching (Eq. (3.5)) for the R = 30%
OC, the inequality becomes:
ln(1/0.842)
ln(1/0.842) + ln(1/0.3) + 0.02
× 2.5× Ae
Aa
>
1
1− β (3.6)
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For β = 0.25 [77], the ratio of the laser mode areas in the gain medium and absorber
(Ae/Aa) must be > 2.4 for stable Q-switching. At the beginning of the second
stability zone, Ae/Aa = 2.25 and hence the laser would not have produced stable
Q-switching in this regime. For a fixed Ae/Aa that meets the stability criterion,
the repetition rate would simply increase with increasing pump power. As the laser
moves more comfortably into the second stability zone and the mode size in the
absorber decreases and stabilises, this criterion is met and, as we see from Fig. 3.7,
the temporal characteristics display what would normally be expected. For added
clarity, an image of the laser mode inside the Cr4+:YAG crytal is shown in Fig.
3.10. This was captured by imaging the leakage from the back mirror using a 4f
relay-imaging configuration.
Figure 3.9: Variation of laser mode size in the Cr4+:YAG crystal with pump power.
3.4.4 Spectral characteristics
Insertion of any saturable absorbing element has been shown to stabilise single longi-
tudinal mode (SLM) operation [82]. The effect of the introduction of the Cr4+:YAG
crystal on the spectral behavior of the laser was investigated by analysing the laser
output with a Fabry-Pe´rot etalon of free spectral range (FSR) 3.4 GHz and finesse
(F) of ∼50. The ring pattern produced by this was viewed on a CCD camera via
imaging with an f = 300mm lens. The longitudinal mode spacing of the experimental
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5mm
d = 140µm
Figure 3.10: Image of the laser mode inside the Cr4+:YAG crystal at 47W of pump
power
laser cavity was ∼700 MHz.
Figure 3.11: Fabry-Pe´rot ring pattern showing (a) SLM during Q-switched operation
at a pump power of 47 W and (b) higher order modes during Q-switched operation at a
pump power of 50 W.
With the insertion of the Cr4+:YAG in the R = 70% cavity, during Q-switched
operation at pump powers up to approximately 49W, the laser appeared to be
operating in SLM. The SLM operation was evidenced by the single ring per FSR in
Fig. 3.11(a), together with the smooth temporal profile of the single pulse in Fig.
3.6(d). However, when the pump power was increased further, multi-longitudinal
mode operation was evident, shown by the multi-ring pattern in Fig. 3.11(b). This
also coincided with an increase in pulse jitter and modulation on the form of the
single pulse. The same trend was observed with the R = 30% output coupler, though
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the cavity only remained operating in SLM until 48W of pumping.
It may also be interesting to note that the maximum fluence incident on the Cr4+:YAG
during Q-switched operation was ∼ 0.45 µJcm−2. This is calculated by dividing
the maximum pulse energy achieved (70 µJ) by the smallest mode area measured
(1.54×10−4 cm2). During the entirety of the experiment, no damage was observed
on the Cr4+:YAG — often a limiting factor for high power passive Q-switching using
this absorber.
3.5 Conclusions
A passively Q-switched Nd:YVO4 bounce laser has been presented with two different
output coupling reflectivities, using Cr4+:YAG as the saturable absorbing mecha-
nism. For the case of the R = 30% output coupler, a maximum output power of
11.2W was achieved at a pulse repetition rate of 160kHz, corresponding to a pulse
energy of 70 µJ and peak power of 2.3kW. This is the highest average power passively
Q-switched Nd:vanadate laser operating at 1064nm ever reported.
For the R = 70% output coupler system, a maximum output power of 11 W was
attained with a pulse repetition rate of 190 kHz, pulse energy of 58 µJ and peak
power of 1.9 kW. We believe this to be the highest repetition rate achieved from
a Cr4+:YAG Q-switched Nd:vanadate laser at 1064 nm. This 190 kHz repetition
rate obtained is close to the maximum obtainable repetition rate for Cr4+:YAG Q-
switched lasers due to the recovery time of the saturable absorber. Additionally, no
damage to the Cr4+:YAG was observed during the experiment. These results show
promise for further power scaling in high repetition rate passive Q-switching, using
the bounce geometry laser design.
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Chapter 4
Nonlinear Optics
4.1 Introduction
The field of nonlinear optics has been ever expanding, most notably since the first
experimental demonstration of second harmonic generation in 1961 [83]. Of course,
its history extends many years previous to this, for example the discovery of the
Raman effect in 1928, but the vast expansion of the field could not have been
possible without the discovery for the laser in 1960. Since then, more and more
processes have been discovered and the efficiency of such processes has increased.
This chapter merely scratches the surface of this ever-growing field, considering
mainly χ(2) nonlinear processes. A brief introduction to common χ(2) interactions
is made, with a more detailed description of second harmonic generation. This is
then used to derive a nonlinear reflection coefficient that can be used to modelock
a laser.
4.2 Nonlinear susceptibility
In order to understand the optical nonlinearity, the dependence of the material’s
polarisation P˜ , or dipole moment per unit volume, on applied electric field (E˜)
must be considered. The polarisation of an ideal linear optical medium has an
entirely linear response as a function of incident electric field:
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P˜ (t) = ǫ0χ
(1)E˜(t) (4.1)
where χ(1) is what is known as the linear susceptibility. This can be used as the
source term in the driven electromagnetic wave equation, describing the propagation
of the wave in the medium:
∇2E˜ − 1
c2
∂2E˜
∂t2
= µ0
∂2P˜
∂t2
(4.2)
For low intensities, this is sufficient to describe propagation in most transparent
optical materials. In nonlinear optics, generally we are considering high intensities
and it is insufficient to consider only the linear polarisation, so we must consider a
generalisation of Eq.(4.1), where P˜ is expressed as a power series in E˜:
P˜ = ǫ0{χ(1)E˜ + χ(2)E˜2 + χ(3)E˜3 + . . .} (4.3)
This expression contains the higher order susceptibilities: χ(2) and χ(3) — the second
and third order nonlinear optical susceptibilities which arise from anisotropy in the
medium. In this instance, P˜ and E˜ have been considered as scalar quantities. It is
also assumed that the material responds instantaneously and thus is both lossless
and dispersionless.
We now have expressions for the second and third order polarisations, respectively:
P˜ (2) = ǫ0χ
(2)E˜2 and P˜ (3) = ǫ0χ
(3)E˜3 — similarly, further expressions can be ob-
tained for higher order polarisations. These nonlinear polarisations are responsible
for distinct nonlinear processes. Second order nonlinear interactions, for example,
can only occur in noncentrosymmetric media — i.e. those which do not display
inversion symmetry. Third order interactions can occur in both centrosymmetric
and noncentrosymmetric media.
When the corresponding equation for polarisation is used as the source term in
Eq.(4.2), the resulting expression is the nonlinear wave equation, and the terms
involving powers of E˜ result in the production of additional frequency components
(and other effects) in the propagating field. Most materials have relatively low
higher order susceptibilities, so these extra components do not generally manifest
themselves under normal operating conditions. However, certain media have sig-
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nificant values of χ(2) and χ(3), which under intense applied fields can lead to the
material exhibiting strongly nonlinear responses to the applied field.
4.3 Nonlinear interactions
4.3.1 Sum frequency generation
Sum frequency generation (SFG), illustrated in Fig. 4.1, involves the generation of
a frequency at ω3 from two input waves at ω1 and ω2.
Figure 4.1: (a) Schematic of sum frequency generation: two photons at ω1 and ω2 are
incident on a χ(2) medium, in order to produce a photon at ω3; (b) energy-level diagram
describing sum frequency generation
If we now consider the field incident upon the χ(2) medium to be represented by1:
E˜(t) = E1 exp(−iω1t) + E2 exp(−iω2t) + c.c (4.4)
and assume that the second order polarisation is given by:
P˜ (2)(t) = ǫ0χ
(2)E˜(t)2 (4.5)
the nonlinear polarisation is
P˜ (2)(t) = ǫ0χ
(2)[E21 exp(−2iω1t) + E22 exp(−i2ω2)t+ 2E1E2 exp(−(ω1 + ω2)t)
+ 2E1E
∗
2 exp(−i(ω1 − ω2)t) + c.c.] + 2ǫ0χ(2)[E1E∗1 + E2E∗2 ] (4.6)
1Not all literature on nonlinear optics follow the conventions detailed here. For a discussion on
differing conventions, see [84].
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This can be expressed by the summation over all positive and negative frequencies,
ωn:
P˜ (2)(t) =
∑
n
P (ωn) exp(−iωnt) (4.7)
The complex amplitudes of the frequency components of the second order polarisa-
tion are thus given by:
P (2ω1) = ǫ0χ
(2)E21 (SHG)
P (2ω2) = ǫ0χ
(2)E22 (SHG)
P (ω1 + ω2) = 2ǫ0χ
(2)E1E2 (SFG) (4.8)
P (ω1 − ω2) = 2ǫ0χ(2)E1E∗2 (DFG)
P (0) = 2ǫ0χ
(2)(E1E
∗
1 + E2E
∗
2) (OR)
Each expression is labelled with the name of the physical process that it describes:
second harmonic generation (SHG), SFG, difference frequency generation (DFG)
and optical rectification (OR). From Eq.(4.8), we can see that four different, non-
zero frequency components are present in the nonlinear polarisation. Typically, only
one of these frequency components is present with any appreciable intensity in the
interaction. This is because the nonlinear polarisation can only efficiently produce
an output signal if a phase-matching condition is satisfied, which is normally only
satisfied for one frequency component. This condition will be discussed later in the
chapter.
So, from Eq.(4.8), we can see that the nonlinear polarisation that describes SFG is
given by:
P (ω1 + ω2) = 2ǫ0χ
(2)E1E2 (4.9)
SFG can be used to produce light at wavelengths that are traditionally difficult to
achieve with simple laser systems, for example, red and ultra-violet light.
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4.3.2 Difference frequency generation
Difference frequency generation (DFG), illustrated in Fig.4.2, can be used to produce
mid-infrared and terahertz radiation.
Figure 4.2: (a) Schematic of difference frequency generation interaction two photons at
ω1 and ω2 interact in a χ
(2) medium, producing a photon at ω3; (b) energy-level diagram
describing difference frequency generation
The nonlinear polarisation that is responsible for DFG is given by:
P (ω1 − ω2) = 2ǫ0χ(2)E1E∗2 (4.10)
If we consider the energy level diagram shown in Fig.4.2(b), we can see that the
photon at ω1 is annihilated, producing a photon at ω2 and a difference frequency
ω3 = ω1−ω2. Therefore the lower input field (ω2) is seen to be amplified by the DFG
process, which is where an alternative name for DFG is born: optical parametric
amplification (OPA).
4.3.3 Second harmonic generation
One of the most basic nonlinear optical interactions is that of SHG. In this process,
two photons at frequency ω1 interact in a χ
(2) medium to give a photon at twice
their frequency (and hence half their wavelength). The process is analogous to that
of SFG, except that SHG can be considered as the degenerate case of SFG, with the
two input beams at the same frequency. This is illustrated schematically in Fig. 4.3.
The theory of SHG is discussed in more detail in the next section.
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ω1
ω1
Figure 4.3: (a) Schematic of second harmonic generation: two photons at ω1 are incident
on a χ(2) medium to produce a photon at 2ω1; (b) energy-level diagram describing second
harmonic generation
4.4 Second harmonic generation: the exact solu-
tion
4.4.1 Wave equation for nonlinear optical interactions
We now have an idea of how new frequency components can appear due to the
nonlinearity of the response of a medium under intense laser light. In order to
obtain an exact solution for SHG, we first need to consider the wave equation for
the interaction. The treatment here follows that of Boyd [85] for infinite plane-
waves and uses similar notation (including the tilde above the vector to denote
a rapidly time-varying quantity). We make the assumption that the material in
question contains no free charges (ρ˜ = 0), no free currents (J˜ = 0) and that it is
nonmagnetic (B˜ = µ0H˜), and use
D˜ = ǫ0E˜ + P˜ (4.11)
With these assumptions, we get a simplified set of Maxwell’s equations:
∇ · E˜ = 0 (4.12)
∇ · B˜ = 0 (4.13)
∇× E˜ = −∂B˜
∂t
(4.14)
∇× B˜ = µ0ǫ0∂E˜
∂t
+ µ0
∂P˜
∂t
(4.15)
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In order to obtain the wave equation, we begin by taking the curl of Eq.(4.14) and
rearrange using Eq.(4.15) to obtain:
∇×∇× E˜ + µ0ǫ0∂
2
E˜
∂t2
= −µ0∂
2
P˜
∂t2
(4.16)
It often can be simpler to split P˜ into its linear and nonlinear parts, with P˜ (1)
representing the linear dependence of the polarisation and P˜ (NL) its nonlinear de-
pendence:
P˜ = P˜ (1) + P˜
(NL)
(4.17)
where P˜ (1) = ǫ0χ
(1)
E˜. The nonlinear wave equation becomes (with c2 = 1/µ0ǫ0)
∇×∇× E˜ + ǫ
(1)
c2
∂2E˜
∂t2
= − 1
c2
∂2P˜ (NL)
∂t2
(4.18)
where ǫ(1) = 1 + χ(1). This now has the form of a driven wave equation, where the
nonlinear response of the material is our source term.
For the case of a dispersive material, each frequency component of the field must be
considered separately. The electric, linear displacement and polarisation fields are
represented as sums of the frequency components:
E˜(r, t) =
∑
n
E˜n(r, t) (4.19)
D˜
(1)(r, t) =
∑
n
D˜
(1)
n (r, t) (4.20)
P˜
(NL)(r, t) =
∑
n
P˜
(NL)
n (r, t) (4.21)
with the summations only performed over positive field frequencies. Each frequency
component is given in terms of its complex amplitude as
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E˜n(r, t) = En(r) exp(−iωnt) + c.c. (4.22)
D˜
(1)
n (r, t) =D
(1)
n (r) exp(−iωnt) + c.c. (4.23)
P˜
(NL)
n (r, t) = P
(NL)
n (r) exp(−iωnt) + c.c. (4.24)
(4.25)
Neglecting dissipation, the relationship between D˜
(1)
n and E˜n can be expressed in
terms of the real, now frequency-dependent, dielectric tensor:
D˜
(1)
n (r, t) = ǫ
(1)(ωn) · E˜n(r, t) (4.26)
These equations can now be inserted back into the wave equation, obtaining a non-
linear wave equation that holds valid for each frequency component:
∇×∇× E˜n + ǫ
(1)(ωn)
c2
· ∂
2
E˜n
∂t2
= − 1
c2
∂2P˜
(NL)
n
∂t2
(4.27)
The nonlinear wave equation is then:
∇×∇×En(r)− ω
2
n
c2
ǫ
(1)(ωn) ·En(r) = ω
2
n
c2
P
(NL)
n (r) (4.28)
The first term on the left-hand-side of Eq.(4.28) can be replaced using the relation:
∇ × ∇ × E = ∇(∇ · E) − ∇2E. Now, the first term on the right of this would
normally vanish in linear optics, with no source term since ∇ · E˜ = 0. However,
in nonlinear optics this term is generally nonvanishing. For most cases, it can
still be neglected since it can generally be small in the slowly-varying amplitude
approximation. Therefore, the first term on the left-hand-side of Eq.(4.28) reduces
to −∇2En(r) and the equation now has the form of an inhomogeneous Helmholtz
equation.
4.4.2 Coupled wave equations for second harmonic genera-
tion
Here is considered a more thorough description of the SHG process, as detailed in
[85] and [86]. We first need to make the assumptions that the medium is lossless
at both the fundamental (which we now call ω1) and the second harmonic (now
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called ω2) and that the second harmonic frequency ω2 = 2ω1. The interaction is
considered for continuous-wave, monochromatic input beams, at normal incidence
to the medium (z). We also only treat the variation of fields in the direction of
propagation, i.e. in the z-direction.
In our nonlinear medium, the total electric field propagating is given by:
E˜(z, t) = E˜1(z, t) + E˜2(z, t) (4.29)
with each component expressed in terms of its complex amplitude Ej(z) and its
slowly varying amplitude Aj(z) according to:
E˜j(z, t) = Ej(z) exp(−iωjt) + c.c. (4.30)
Ej(z) = Aj(z) exp(ikjz) (4.31)
where the wave number kj = njωj/c and the refractive index nj =
√
ǫ(1)(ωj). The
assumption is made that each frequency component obeys the driven wave equation
that we found in the previous section to give:
∂2E˜j
∂z2
− ǫ
(1)(ωj)
c2
∂2E˜j
∂t2
= − 1
ǫ0c2
∂2P˜j
∂t2
(4.32)
We represent the nonlinear polarisation as:
P˜ (NL)(z, t) = P˜1(z, t) + P˜2(z, t) (4.33)
P˜j(z, t) = Pj(z) exp(−iωjt) + c.c. (4.34)
To obtain our expressions for Pj, we refer back to Eq.(4.3):
P1(z) = 4dǫ0E2E
∗
1 = 4dA2A
∗
1 exp(i(k2 − k1)z) (4.35)
P2(z) = 2dǫ0E
2
1 = 2dA
2
1 exp(2ik1z) (4.36)
where d = deff =
1
2
χ(2). If we now apply these equations to the generalised nonlinear
wave equation (Eq.(4.28)), invoke the slowly-varying amplitude approximation and
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remove the time dependence, we obtain a set of coupled wave equations:
dA1
dz
=
2iω21d
k1c2
A2A
∗
1 exp(−i∆kz) (4.37)
dA2
dz
=
iω22d
k2c2
A21 exp(i∆kz) (4.38)
where ∆k = 2k1 − k2 is the phase-mismatch.
For A1 = const., or the case of undepleted pump, Eq.(4.38) can simply be integrated
to obtain an expression for the spatial dependence of the second harmonic field:
A2 =
iω22zd
k2c2
A21 exp
(
i∆kz
2
)
sinc
(
∆kz
2
)
(4.39)
If we now consider the total intensity of the two waves I = I1 + I2, which is a
constant due to the Manley-Rowe relations, the intensity of each wave is given by:
Ij = 2nωjcǫ0 |Aj|2 (4.40)
If the integration of Eq. (4.38) is done over the length of the nonlinear medium, L,
the second harmonic field grows with the square of this length, and also with the
square of the intensity of the fundamental. The key parameter that determines the
SHG efficiency is ∆k and for ∆k = 0, the second harmonic intensity increases as
L2. For ∆k 6= 0, the intensity varies as a sin2 function inside the crystal and when
∆k is large, never increases beyond a low intensity. The most important aspect of
maximising the SHG efficiency, then, is to ensure ∆k = 0. The graph plotted in
Fig. 4.4 gives an idea of how the intensity of the second harmonic develops through
the nonlinear medium. The growth shown by the green curve is indicative of the
behaviour for ∆k = 0 and the two other curves show the oscillatory behaviour when
a phase-mismatch is introduced.
The assumption of undepleted pump is generally not representive of the real life
situation and thus the two coupled amplitude wave equations must be solved simul-
taneously. In order to do this, we work with the modulus and phase of the field
amplitudes, as opposed to the complex quantities and, for convenience, in dimen-
sionless form
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Figure 4.4: Graph of the normalised intensity of the second harmonic with respect to
length in a nonlinear medium for different ∆k values.
A1 =
(
2I
nω1cǫ0
)1/2
u1 exp(iφ1) (4.41)
A2 =
(
2I
nω2cǫ0
)1/2
u2 exp(iφ2) (4.42)
Here, we have introduced new, normalised field amplitudes u1 and u2, defined such
that u21 + u
2
2 is also conserved:
u1(z)
2 + u2(z)
2 = 1 (4.43)
Now, we introduce a normalised distance parameter, zˆ, in terms of an interaction
length, l, which is the characteristic distance over which the fields exchange energy:
zˆ =
z
l
(4.44)
l =
(
2n2ω1nω2
ǫ0cI
)1/2
c
2ω1d
(4.45)
The relative phase of the interacting fields is given by:
θ = 2φ1 − φ2 +∆kz (4.46)
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and the momentum mismatch parameter is defined as:
∆s = ∆kl (4.47)
By now including all our newly defined quantities (uj, φj , zˆ and ∆s) into the coupled
amplitude equations of Eq.(4.37) and (4.38), we can obtain a set of coupled equations
for the real quantities u1, u2 and θ:
du1
dzˆ
= u1u2 sin(θ) (4.48)
du2
dzˆ
= −u21 sin(θ) (4.49)
dθ
dzˆ
= ∆s+
cos(θ)
sin(θ)
d
dzˆ
(ln u21u2) (4.50)
4.4.2.1 Phase-matched conditions
In the case of perfect phase-matching, ∆k and hence ∆s both → 0. Under these
conditions, the equation for dθ
dzˆ
may be rewritten as:
d
dzˆ
ln(cos(θ)u21u2) = 0 (4.51)
which gives us a constant: ln(cos(θ)u21u2) which we label ln(Γ), allowing us to obtain
a solution to Eq.(4.51) of the form of:
u21u2 cos(θ) = Γ (4.52)
with Γ independent of our normalised distance parameter zˆ, it can be determined
from the known values of u1, u2 and θ at zˆ = 0 (the entrance of the nonlinear
medium).
The two conserved quantities u21 + u
2
2 and u
2
1u2 cos(θ) can now be used to decouple
the set of equations obtained in (4.50). If we take the example of the equation for
du2
dzˆ
and rewrite in terms of our conserved quantity u21 + u
2
2 and the trigonometric
identity sin2(θ) + cos2(θ) = 1, we obtain:
du2
dzˆ
= ±(1− u22)(1− cos2(θ)1/2) (4.53)
Next, we express cos2(θ) in terms of Γ and u2 to give
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du2
dzˆ
= ±(1− u22)
(
1− Γ
2
u41u
2
2
)1/2
(4.54)
= ±(1− u22)
(
1− Γ
2
(1− u22)2u22
)1/2
(4.55)
which simplifies to
u2
du2
dzˆ
= ±[(1− u22)2u22 − Γ2]1/2 (4.56)
or
du22
dzˆ
= ±2[(1− u22)2u22 − Γ2]1/2 (4.57)
The solution to this can be written in terms of the elliptic integral:
zˆ = ±1
2
∫ u2
2
u2
2
du22
[u22(1− u22)2 − Γ2]1/2
(4.58)
Since u22 is real and ≤ 1, it is confined to move between the two lowest (positive)
roots of u22(1 − u22)2 − Γ2 = 0. If these roots are now named u2,a and u2,b with
u2,a ≤ u2,b, then u2 oscillates between u2,a and u2,b with a period given by:
Πzˆ =
∫ u2
2,b
u2
2,a
du22
[u22(1− u22)2 − Γ2]1/2
(4.59)
For the initial condition where Γ = 0, which occurs whenever the amplitude of either
of the input fields = 0, or when the phasing between the input fields is such that
cos(θ) = 0, the coupled amplitude equations take the form of:
du1
dzˆ
= −u1u2 (4.60)
du2
dzˆ
= u21 (4.61)
and the second of these equations can be transformed using u21 + u
2
2 = 1 to give
du2
dzˆ
= 1− u22 (4.62)
with solution
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u2 = tanh(zˆ + zˆ0) (4.63)
where zˆ0 is a constant of integration. If we assume now that no second harmonic
light is incident on the nonlinear crystal (a reasonable assumption in most cases),
we have initial conditions u1(0) = 1, u2(0) = 0, our constant of integration is equal
to zero, thus:
u2(zˆ) = tanh(zˆ) (4.64)
This can now be used to determine u1, by substituting back into
du2
dzˆ
to obtain:
u1(zˆ) = sech(zˆ) (4.65)
Since zˆ = z/l, when only the fundamental field is present at z = 0, the length
parameter l is given by:
l =
(nω1nω2)
1/2c
2ω1d |A1(0)| (4.66)
If A1(0) 6= 0;A2(0) 6= 0 and the initial phase difference at the entrance to the
medium is +π/2, the second harmonic will be amplified. In this instance, zˆ0 > 0 and
the fundamental will be converted completely into second harmonic. If, however,
θ = −π/2 then the fundamental will be amplified first and zˆ0 < 0. This can be
thought of as the reverse process of SHG.
If we further define:
y2 =
(u22 − u22,a)
(u22,b − u22,a)
(4.67)
and label the third root of the equation u22(1− u22)−Γ2 = 0 as u22,c ≥ u22,b ≥ u22,a, we
can rewrite Eq.(4.58) as:
zˆ = ± 1
(u22,c − u22,a)1/2
∫ y(zˆ)
y(0)
dy
[(1− y2)(1− γ2y2)]1/2 (4.68)
where γ2 =
(u2
2,b
−u2
2,a)
(u2
2,c−u
2
2,a)
and y is defined as a Jacobian elliptic function of zˆ. The
normalised amplitudes u1 and u2 can now be written as:
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u22 = u
2
2,a + (u
2
2,b − u22,a)sn2[(u22,c − u22,a)1/2(zˆ − zˆ0), γ] (4.69)
u21 = 1− u22,a − (u22,b − u22,a)sn2[(u22,c − u22,a)1/2(zˆ − zˆ0), γ] (4.70)
where zˆ0 is determined by the inital condition (y(0)) and the value of γ.
4.4.2.2 Imperfect phase-matching
For the more general case of imperfect phase-matching, i.e. ∆k and hence ∆s 6= 0,
we can still integrate the equation found in (4.50), obtaining a more general solution:
u2u
2
1 cos(θ) +
1
2
∆su22 = Γ∆s (4.71)
where Γ∆s can be expressed using Γ:
Γ∆s = Γ +
1
2
∆su22(0) (4.72)
We can now obtain a generalisation of Eq.(4.58):
zˆ = ±1
2
∫ u2
2
(zˆ)
u2
2
(0)
du22
[u22(1− u22)2 −
{
Γ− 1
2
∆s[u22 − u22(0)]
}2
]1/2
(4.73)
This can now be solved using the same methods as for perfect phase-matching, by
using the definitions of both Eq.(4.66) and that of y2. The three roots u22,c ≥ u22,b ≥
u22,c are now the roots of:
u22(1− u22)2 −
{
Γ− 1
2
∆s[u22 − u(0)2]
}2
= 0 (4.74)
For the case of A1(0) ≫ A2(0) with ∆k/k1 ≪ 1, the following approximations are
useful:
Γ ≈ [A2
A1
] cos[φ2(0)− 2φ1(0)]and∆s ≈ ∆kl (4.75)
For the simple case of A2(0) = 0 (Γ = 0, u2(0) = 0), the roots of Eq.(4.74) are given
by:
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u22,a = 0 (4.76)
u22,b =
1
u22,c
=
[
1
∆s/4 + [1 + (∆s/4)2]1/2
]2
(4.77)
and the period is given by the elliptic integral:
Πzˆ =
2
u2,c
∫ pi/2
0
dt
[1− (u2,b/u2,c)2 sin2(t)]1/2
(4.78)
If the condition for phase-matching is nearly satisfied,
∆s ≈ ∆kl≪ 1 (4.79)
u2,b and Πzˆ are reasonably insensitive to ∆s and substantial power conversion is still
obtained. If ∆s≫ 1, the approximation to the solution found in Eq. (4.73) is best
obtained by returning to our coupled amplitude equations (4.37) and (4.38). The
most relevent experimental situation is where A2 always remains small, so A1 can
be regarded as a constant. If the second harmonic is initially zero, the approximate
solutions to Eq.(4.37) and (4.38) are
θ =
∆kz
2
+
π
2
(4.80)
A2(z) =
[
4A1(0)
∆kl
]
sin
(
∆kz
2
)
(4.81)
The phase advances as ∆kz
2
, as opposed to ∆kz. The phase velocity of the second
harmonic, initially generated by the nonlinear interaction, is not the same as the
velocity of the usual wave at ω2. However, if the amplitude of the second harmonic
is initially large enough such that ∆kA2(0) ≫ A1(0)l , its phase velocity is the usual
one for the wave at ω2
θ = ∆kz + θ0 +
π
2
(4.82)
A2(z) = A2(0) +
2
∆kl
A1(0)[sin(θ0 +∆kz)− sin(θ0)] (4.83)
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The power A22(z) has the period 1/∆k, regardless of the initial value of A2(0). For
0 < θ < π, power is transferred from ω1 to ω2. If z advances by π/∆k, power is
transferred back from ω2 to ω1. In both cases, the power of the second harmonic
never becomes large.
4.5 Phase-matching
So far, we have seen that the condition of phase-matching is extremely important
for the efficiency of the SHG process. This behaviour was predicted as far back as
1962 [87], in an experiment involving focussing the output of a pulsed ruby laser
into a quartz crystal. The intensity of the second harmonic was measured while
the crystal was rotated, varying the path length, L, through the crystal. The wave
vector mismatch ∆k was nonzero, and approximately the same for each angle of
rotation used throughout the experiment.
The phase-matching condition ∆k = 0 is difficult to achieve, since normal dispersion
dictates that refractive index increases with increasing frequency. The condition for
perfect phase-matching for SHG would require that
n(ω1) = n(ω2) (4.84)
which is not possible, since n(ω) increases monotonically with ω.
When not phase-matched, the fundamental will be converted to the second harmonic
until they are out of phase by π, when the second harmonic is converted back to the
fundamental. The characteristic length over which the second harmonic is amplified
is called the coherence length, Lcoh, and is given by:
Lcoh =
∣∣∣ π
∆k
∣∣∣ (4.85)
The most common solution to achieve phase-matching is to make use of birefringence
that is exhibited by many crystals. In birefringent crystals, the refractive index
depends on the polarisation of the incident optical field. In order to achieve phase-
matching, the highest frequency wave must be polarised in the direction giving
the lower of the two possible refractive indices. Generally, uniaxially birefringent
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crystals can be split into two groups: positive and negative uniaxial crystals. For
the case of negative uniaxial crystals, the lower refractive index corresponds to the
extraordinary polarisation. The lower frequency waves can be either polarisation,
leading to the definition of type I and type II phase-matching. Table 4.1 summarises
the polarisation conditions for type I and type II phase-matching in uniaxial crystals.
Positive uniaxial Negative uniaxial
(ne > no) (ne < no)
Type I no2ω2 = n
e
1ω1 + n
e
1ω1 n
e
2ω2 = n
o
1ω1 + n
o
1ω1
Type II no2ω2 = n
o
1ω1 + n
e
1ω1 n
e
2ω2 = n
e
1ω1 + n
o
1ω1
Table 4.1: Phase-matching in uniaxial crystals
4.5.1 Angle tuning
Uniaxial crystals are characterised by a direction known as the optic axis (usually c
axis, but sometimes z axis). The light which is polarised perpendicular to the plane
containing the wave vector k and the optic axis is said to have ordinary polarisation;
conversely, the light polarised in the plane containing k and the c axis is said to have
extraordinary polarisation. The extraordinary polarisation experiences refractive
index ne(θ), depending on the angle θ between the c axis and k according to:
1
ne(θ)2
=
sin2(θ)
n¯2e
+
cos2(θ)
n2o
(4.86)
The term n¯e is the principal value of the extraordinary refractive index. For θ = 90
◦,
ne(θ) is equal to n¯e. For θ = 0
◦, ne(θ) is equal to no. Phase-matching is achieved
by adjusting θ to achieve ne(θ) that satisfies ∆k = 0.
4.5.2 Temperature tuning
A drawback to angle tuning occurs when the angle θ has a value other than 0 or
90◦. In this case, the Poynting vector, S and wave vector k are not parallel for
extraordinary beams. For ordinary and extraordinary beams that have parallel k
vectors, this results in the beams quickly diverging from one another with propaga-
tion through the crystal. This ‘walkoff’ limits the spatial overlap between the two
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beams, thus decreasing the efficiency of the SHG process (or, indeed, any nonlinear
mixing process).
Some crystals have a temperature dependent birefringence, making it possible to
phase-match the process by keeping θ fixed at 90◦ and varying the temperature of
the crystal. This type of phase-matching is sometimes called temperature phase-
matching, but more often is known as non-critical phase-matching (NCPM) and
limits the spatial ‘walkoff’ effect. It can be advantageous for a more efficient SHG
process, since it is reasonably insensitive to misalignment of the beams. Normally,
however, the crystal needs to be kept at a temperature far from room temperature,
so specially designed crystal ovens need to be used.
4.5.3 Quasi-phase-matching
When the phase-matching condition is not satisfied, after one coherence length, Lcoh,
the second harmonic and fundamental are out of phase by π and the energy flows
back to the fundamental wave. For the second harmonic wave to continue growing,
the phase relation must be reset periodically.
This idea was initially proposed as far back as 1962 in the Armstrong and Bloem-
bergen paper [86]. It is possible to reset the phase by changing the sign of the
nonlinear coefficient each coherence length. This could be achieved through rotat-
ing the NLC by 180◦ every coherence length, since second order nonlinear materials
are non-centrosymmetric. This can be problematic, though, as it introduces large
reflection losses at each surface. There are other methods, including the use of ferro-
electrics [88]. A surge in the use of quasi-phase-matching occurred with the electric
field poling of ferroelectrics. Bulk poling was discovered soon after and electric field
poling is now a mature technology [89–91]. As with the case for NCPM, specially
designed ovens are usually required for correct operation.
4.6 Nonlinear media
A basic summary of common nonlinear media, including those which have been
used in this thesis, is shown in Table 4.2. The table simply includes the effective
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nonlinearities, the phase-matching angle and the type of phase-matching employed.
LBO BiBO KTP PPLN PPSLT
deff (pm/V) 1.15 3.2 3.3 ∼16 ∼10
∆θL (◦cm) 1.79 0.07 1.82 N/A N/A
PM type I/NCPM I II QPM QPM
Table 4.2: Common nonlinear media [92]
Clearly, the QPM crystals have a much larger effective nonlinear coefficient, but
simply considering the bulk crystals: KTP and BiBO appear to have the most
favourable deff for SHG. However, the acceptance angle, ∆θL, for BiBO is com-
paratively small and the effects of this will need to be considered in experimental
situations.
4.7 Nonlinear mirror modelocking
The nonlinear mirror (NLM) technique for modelocking lasers was initially proposed
[43] and subsequently demonstrated [48] by Stankov in 1988 and forms a key en-
abling technique of this thesis. Soon after its discovery, a flurry of experiments
and theoretical simulations followed, including NLM’s based on sum and difference
frequency generation [93] and Raman interactions [94]. With the onset of diode-
pumping of lasers, this technique gained some following, but with the discovery and
improvement of semiconductor saturable absorbers for modelocking, it fell out of
fashion. Until experiments detailed in this thesis, the technique was largely limited
to sub–5 W operation, but has experienced somewhat of a revival during the course
of this thesis work [95–97].
The basis of the operation of the nonlinear mirror involves the introduction of a χ(2)
nonlinear crystal (NLC) to the laser cavity, in conjunction with a dichroic mirror,
which also serves as the output coupler. This output coupler has partial reflectivity
at the fundamental wavelength of the laser (ω1) and is highly reflecting at the second
harmonic (ω2). On the initial pass through the nonlinear crystal, if a relative phase
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between the fundamental (φω1) and second harmonic (φω2) given by
∆φSHG = 2φomega1 − φω2 = +
π
2
(4.87)
exists, then the fundamental wavelength experiences second harmonic generation
(SHG). When the radiation reaches the output coupler, some of the fundamental
radiation is emitted from the cavity, while all of the second harmonic is reflected
back to the NLC.
On the return pass through the NLC, if the phase difference between the fundamental
and second harmonic wavelengths is given by
∆φDFG = 2φω1 − φω2 = −
π
2
(4.88)
then difference frequency generation (DFG) occurs and the second harmonic is con-
verted back to the fundamental. Since the second harmonic is not lost through the
output coupler, the reconversion results in a nonlinear reflectivity (RNL) for the fun-
damental which is greater than the passive reflectivity of the output coupler. This
simultaneously induces pulse shortening and modelocking.
In order to understand the operation of the NLM, we need to return to our coupled-
amplitude equations.
du1
dzˆ
= −u1u2 sin(θ) (4.89)
du2
dzˆ
= u21 sin(θ) (4.90)
and their solutions
u2 = tanh(zˆ + zˆ0) (4.91)
u1 = sech(zˆ + zˆ0) (4.92)
To obtain our nonlinear reflection coefficient, we use the relative intensities of the
fundamental and second harmonic. If the power conversion efficiency from funda-
104
mental to second harmonic on the initial pass through the NLC is labelled η, the
relative intensity of the second harmonic A22(L) to the fundamental A
2
1(0) = 1 pro-
vides us with η. After the first pass through the NLC, the normalised amplitudes
are given by:
u2 =
√
η (4.93)
u1 =
√
1− η (4.94)
and our coordinate zˆ is given by:
zˆ = tanh−1(η) (4.95)
If the reflection coefficients of the dichroic output coupler are labelled Rω and R2ω,
the amplitudes of the reflected waves are given by:
A
′
1 = u1
√
Rω (4.96)
A
′
2 = u2
√
R2ω (4.97)
The total power flux now entering the NLC on the second pass is given by A
′
1 +A
′
2
and the new zˆ coordinate is:
zˆ
′
= C(A
′2
1 + A
′2
2 )
1/2z (4.98)
where C is a constant that includes the nonlinear susceptibility, χ(2). Since zˆ =
CA1(0) and A1(0) = 1, zˆ
′
= zˆ(A
′2
1 + A
′2
2 )
1/2. The normalised amplitude coefficient
of the second harmonic at the exit of the NLC (after the second pass) is
u
′′
2 = tanh(zˆ
′ − zˆ0) (4.99)
where zˆ0 is determined by the inital conditions at the entrance of the NLC:
zˆ0 = tanh
{
A
′
2
(A
′2
1 + A
′2
2 )
1/2
}
(4.100)
and the normalised intensity of the fundamental is given by:
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u
′′2
1 = 1− u
′′2
2 (4.101)
The scale for the reflected waves is decreased by a factor of (A
′2
1 +A
′2
2 ), so a correction
factor is required to obtain the intensity of the emergent waves. The intensity of
the re-amplified fundamental represents the nonlinear reflection coefficient, since the
intensity of the incident fundamental was chosen to be = 1:
RNL = u
′′2(A
′2
1 + A
′2
2 ) (4.102)
By substituting all the equations we have now found, we obtain the following ex-
pression for RNL:
RNL = [ηR2ω + (1− η)Rω]× [1− tanh2([ηR2ω + (1− η)Rω]1/2
× tanh−1(√η)− tanh−1
{
(ηR2ω)
1/2
[ηR2ω + (1− η)Rω]1/2
}
)] (4.103)
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Figure 4.5: Normalised nonlinear reflection coefficient (RNL/Rω) as a function of con-
version efficiency, η, for Rω = 0.3, 0.5, 0.7
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This expression, we can see is dependent only on the reflectivity of the dichroic
output coupler for the fundamental and second harmonic, Rω and R2ω, and the
power conversion efficiency, η. The normalised RNL is plotted as a function of η in
Fig.4.5 for various values of Rω. It shows that the nonlinear behaviour of the NLM
is more notable for lower reflectivities of the output coupler at the fundamental
(Rω). This is not surprising, since the greater the reflectivity of the output coupler,
the smaller the change between the re-reflected and re-amplified fundamental on the
second pass through the NLC.
The RNL acts upon the higher intensity peak of a pulse than on the lower inten-
sity wings, leading to modelocking by amplitude modulation. The action can be
considered analogous to that of a fast saturable absorber, with the low intensity
wings preferentially coupled out of the cavity via the output coupler, leading to
pulse shortening.
4.8 Cascaded χ(2) Lensing
So far, in discussing the cascading of χ(2) nonlinearities, we have only considered
the case where the cascaded processes are in phase-matched conditions. Here, we
consider the case when the χ(2) processes occur for phase-mismatched conditions and
see how this can still lead to modelocking, but this time due to phase-modulation.
The phase-mismatch between the fundamental and second harmonic imparts a non-
linear phase shift to the phase velocity of the fundamental, which evolves into an
effective nonlinear index of refraction. This is analogous to the third-order effect
called Kerr lensing, which arises due to the χ(3) of the medium. Most materials
have a small χ(3), but it can be shown that the cascaded χ(2) effect leads to a much
stronger effective χ(3).
If we reconsider our coupled amplitude equations from Eq. (4.37) and (4.38) and
our expression for the spatial dependence of the amplitude of the second harmonic
in the undepleted pump approximation (Eq. (4.39)):
A2 =
iω22zd
k2c
A21 exp
(
i∆kz
2
)
sinc
(
∆kz
2
)
(4.104)
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If this is now substituted into Eq.(4.37), we obtain an expression for the fundamental:
dA1
dz
=
−ω21zd2
nω1nω2c2
exp
(−i∆kz
2
)
sinc
(
∆kz
2
)
|A1|2A1 (4.105)
This exponential in this equation implies both a real and imaginary part — both a
phase shift and a loss term. This loss can be assumed to be the remaining second
harmonic. The phase shift, however, is not a real change in the refractive index,
but is a direct consequence of the light travelling with a different phase velocity for
some distance, as ω2. If we compare this expression directly with a known equation
for the third-order susceptibility, given in [98]:
dE
dz
=
iωχ(3)
4nc
|E|2E (4.106)
we can make a direct comparison between cascaded χ(2) effects and those of the χ(3)
susceptibility.
Since the factor |A1|2A1 is dependent on z, we must integrate along the length of z
to obtain our effective χ(3). This integration shows the phase build-up with z:
χ
(3)
eff =
2ω1d
2
nω2c
{
2
∆k
[sinc(∆kz)− 1] + i[zsinc2
(
∆kz
2
)}
(4.107)
This gives rise to an effective n2 for NLC length L:
neff2 =
1
2n2ω1cǫ0
Re[χ(3)]
=
2ω1d
2
n2ω1nω2c
2ǫ0
[sinc(∆kL)− 1]
∆kL
L (4.108)
For a given phase-mismatch, longer crystal lengths will give larger effective nonlin-
earities. Interestingly, either sign of phase shift can occur – the system can be either
self-focusing or self-defocusing, depending on the sign of the phase-mismatch.
We can consider the loss and phase shift as the cascading of SHG and DFG conti-
nously in a single pass through the NLC. The fundamental is initially upconverted
to the second harmonic in the front of the crystal and subsequently downconverted
back to the fundamental in the back of the crystal with a phase that depends on
∆kL. For ∆kL > 0 such that nω2 > nω1, an additional phase shift to the downcon-
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verted light, which leads to an in-quadrature component. This component causes
self-focusing for ∆kL < 0 and self-defocusing for ∆kL > 0.
Far from perfect phase-matching, the second harmonic irradiance oscillates every
two coherence lengths 2Lc = 2π/∆k – i.e. the fundamental and second harmonic
beams add an extra π phase difference due to dispersion every Lc. When the second
harmonic is allowed to act back on the wave at the fundamental, the cascading
process is introduced and the fundamental experiences the χ(3)-like effects.
The nonlinear refractive index is maximised in the low-depletion limit for ∆kL ≈ π,
where the loss to the second harmonic is small. This gives a maximum neff2 of:
neff2 ≈ −
2ω1d
2
effL
πn2ω1nω2c
2ǫ0
(4.109)
This shows that neff2 is proportional to the length of the NLC, L, leading to an
accumulated nonlinear phase shift that is proportional to L2. Also, it can be seen
that for high χ(2) materials, the nonlinear refractive index can become very large
[98].
The approximation of low pump-depletion will break down at higher intensities and
thus the difference between the third order n2 and the cascaded second order n
eff
2
will be apparent. Simulations have shown that the phase shift becomes distorted
due to saturation, but that this can be overcome by using a large phase-mismatch
and higher intensity [99]. Another short-coming of this description is that the effect
of group velocity mismatch has not been accounted for, which would cause further
distortion [100]. This can be overcome by making the phase-mismatch so large that
the cycle of upconversion and downconversion occurs in less than a group velocity
mismatch length [99].
4.9 Conclusions
A brief introduction to χ(2) nonlinear interactions has been given. A more de-
tailed review of the mathematics dictating second harmonic generation has been
shown for both phase-matched and phase-mismatched conditions. The application
of this nonlinear interaction to modelocking of lasers has been discussed, leading
109
to two different modelocking formats: by amplitude modulation (nonlinear mirror
modelocking), in a phase-matched regime; by phase modulation (cascaded χ(2) lens
modelocking), in a phase-mismatched regime.
110
Chapter 5
Nonlinear mirror modelocking
5.1 Introduction
Diode-pumped modelocked neodymium lasers are a market-leading source of high
repetition rate picosecond pulses. The pulse duration can be anything from a few
picoseconds to hundreds of picoseconds, but multi-Watt operation of such oscilla-
tors has largely been limited to one passive modelocking method. This is based
on semiconductor saturable absorber mirrors (SESAM’s). These have been imple-
mented with great success, achieving average output powers > 50W from Nd:YAG
or Nd:YVO4 oscillators (particularly at 1µm), but not without limitations.
Typically, SESAM’s are formed of a semiconductor Bragg reflector and a semicon-
ductor absorbing layer, usually of quantum wells. Such devices experience decreasing
light absorption with increasing light intensity. The very basis upon which they work
is that of absorption, leaving them prone to damage at high intensities.
The absorbing layer absorbs light when the photon energy is sufficient to excite
carriers from the valence band to the conduction band. At low intensities, only a
few carriers are excited and the absorption remains unsaturated. At high intensities,
however, the carriers accumulate in the conduction band, leading to saturation and
no further absorption may take place. The recovery time of the absorber relates
to how quickly the free carriers can recombine so that further absorption can take
place. This recovery time contributes to determining the shortest pulse attainable
from a modelocked system and thus is another potential limiting factor.
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The wavelength at which the SESAM absorbs is determined from the material band
gap energy of the absorber well. For the wavelengths around 1064 nm, this is
typically InGaAs on a GaAs/AlAs Bragg reflector. The relative concentration of
indium can be varied to enable wavelength tuning. For wavelengths above this, in
particular the 1.3 µm transition of Nd:YVO4 and Nd:YAG, the required indium
concentration can cause strain in the absorber layer. For such longer wavelengths,
GaInNAs or InGaAsP-based absorbers can be used, but can be difficult to fabricate
[101–104]. In any case, the resulting absorbers and their Bragg reflectors are narrow-
band — another limitation, since expensive and difficult fabrication processes lead to
the production of a structure that can only be implemented for a specific wavelength.
Nonlinear mirror (NLM) modelocking, simply involving the inclusion of a χ(2) NLC
in conjunction with a dichroic output coupler, was first proposed in 1988 [43] as an
alternative to dye saturable absorbers. The subsequent demonstration [48] with a
lamp pumped Nd:YAG laser as the active element and KTP as the NLC, produced
a train of modelocked pulses with a pulse duration of 100 ps. This led to a flurry
of research activity in the following years [105–108], including the application of
this technique at longer wavelengths [109–111] and to the discovery of a related
modelocking mechanism through cascaded χ(2) lensing [98, 100, 112]. However, the
interest in these techniques seems to have died out with the development of more
reliable and robust SESAM’s.
With increasing average operating powers of lasers, the damage threshold of SESAM’s
has spurred a search for alternative modelocking techniques and the NLM experi-
enced a revival. Though NLC’s have a range of damage thresholds, and in some
cases have the occurrence of grey-tracking, currently the damage threshold of some
commonly used NLC’s is an order of magnitude (or more) greater than that of
the state-of-the art commercially available SESAM’s. For example, a commercial
SESAM (BATOP: SAM-1064-13-x-500fs [113]) with a modulation depth (∆R, the
maximum change in absorption or reflectivity induced by the incident light) of 8%
(total absorptance of 13%) has a damage threshold of 300 MWcm−2 at 1064 nm.
The damage threshold of BiBO NLC has been measured to be > 48 GWcm−2 at
1064 nm at a pulse duration of 56 ps [114]. This decreases to ∼ 4 GWcm−2 at
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532 nm, but is still higher than that quoted for the SESAM.
Since the NLM mechanism is based on instantaneous χ(2) processes, it has insignif-
icant recovery time. Additionally, the NLM technique may be applied to any wave-
length, simply through angle and temperature tuning, crystal choice and cut.
Chen et al. in 2001 achieved 5.6 W of average output power from a NLM mode-
locked Nd:YVO4 using PPKTP with 20 ps pulses, which had been the highest power
oscillator modelocked by NLM at the start of this thesis work. More recent work
has been largely led by cascaded χ(2) lens formation in the oscillator. The highest
power achieved using this technique has been lately reported ([97] 2011) at 15.4 W
from a Nd:YVO4 amplifier pumped at 888 nm, operating with a pulse duration of
10.8 ps. Shorter pulses were achieved (5.7 ps) at a lower output power (11.4 W).
This chapter discusses the application of the NLM modelocking technique to the
bounce geometry. Previously, modelocking of bounce geometry lasers has been
achieved using SESAM’s within the Damzen group. Output powers in excess of 16 W
were produced from a single oscillator [49]. However, experimentally, the SESAM’s
that were used experienced gradual deterioration and even catastrophic damage. By
implementing the NLM, it is shown that the power range can be extended without
the damage limitations experienced with SESAM’s. Initially, NLM modelocking of
a ‘standard’ bounce geometry laser is demonstrated. The work was presented at an
international conference [115] and published in a peer-reviewed journal [116] This
chapter then goes on to describe NLM modelocking of a stigmatic bounce geometry
laser; the improved spatial profile of this novel laser design is thought to enhance
the modelocking process. The results of this were also presented at an international
conference [117] and published in a peer-reviewed journal [118].
5.2 Nonlinear mirror modelocking of the bounce
geometry laser
An experimental bounce laser cavity was constructed, as shown in Fig. 5.1. This
system was analogous to that used in the standard bounce geometry laser in Chapter
2. The amplifier was a 20× 5× 2 mm Nd:GdVO4 slab, contact cooled via the 20× 5
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mm faces. The pump diode was a 40W fast-axis collimated bar, operating at 808nm
with polarisation parallel to the c-axis of the laser crystal. The front 20 × 2 mm
face was once again anti-reflection (AR) coated for the pump wavelength.
Figure 5.1: Experimental schematic of the NLM modelocked bounce geometry laser,
with KTP as the NLC
The two 5 × 2 mm emitting faces were AR coated for the lasing wavelength of
1063nm and angled at 5◦ to the pump normal. A 12.7mm vertical cylindrical lens
(VCLD), was used to generate a line focus on the pump face and two further vertical
cylindrical lenses (VCL) of focal length 50mm were implemented to efficiently match
the vertical size of the laser cavity fundamental mode to that of the gain region. An
internal bounce angle of ∼ 7◦ with respect to the pump face was used.
5.2.1 Modelocking with type-II phase-matching
A pair of lenses with focal length f = 100mm were incorporated into the bounce
laser cavity to form a focus in the NLC and subsequently recollimate the beam. A
type-II phase-matched high grey-track resistant (HGTR) KTP crystal of dimensions
12 × 3 × 3mm was used as the NLC and was positioned at the focus. A half-wave
plate (HWP) was placed in the cavity to ensure the correct polarisation of the
fundamental beam entering the crystal.
Initially, a dichroic mirror with suitable reflectivity at the fundamental was not
available and one was therefore ‘constructed’ by the use of a translatable mirror,
HR at the fundamental and second harmonic, in conjunction with a beam-splitter
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(BS) oriented at an angle to provide output coupling. The angle of the BS allowed
continuous variation of output coupling and provides outputs on each pass. From a
practical point of view, this splitting of the outputs is not ideal, but it still allows
for the principle of the NLM modelocking technique to be demonstrated. The NLC
and HR mirror were placed on translation stages to vary their separation (D), for
correct phasing of the fundamental and second harmonic waves.
The reflectivity of the ‘combinational’ (BS and HR mirror) output coupler (OC)
can be derived from the ratio of the output power on the first pass through the
beamsplitter (P1) and the output power on the second pass (P2). These output
powers are indicated in Fig. 5.1 and the equation used to obtain the reflectivity,
R, of the BS (assuming a lossless beamsplitting mirror: R + T = 1 where T is
transmission) is given by:
P2
P1
=
R(1−R)
R
= 1−R (5.1)
For this experimental system, P1 = 6.1 W; P2 = 5.15 W so R = 16%. The effective
reflectivity of the combinational OC system as seen by the cavity was:
Rω = (1−R)2 (5.2)
which is calculated as 71%. The second harmonic is horizontally polarised, p-
polarised for the BS and hence has relatively lower R. The effective reflectivity
at the second harmonic, R2ω is estimated at < 95%.
The translatable HR mirror was positioned at a distance from the NLC such that
the correct phase difference between the fundamental and second harmonic was
achieved for DFG, by utilising the air dispersion between the fundamental and sec-
ond harmonic wavelengths. The HWP was rotated to an angle such that maximum
second harmonic conversion was observed and minor adjustments were made to the
phase-matching angle of the NLC and the distance D until CW modelocking was
observed.
The pulse repetition rate of the modelocked output was measured to be 137MHz.
An autocorrelation was performed using a purpose built background-free autocorre-
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lator (see Appendix B) and the results plotted. By applying a sech2 deconvolution
factor to the autocorrelation pulse FWHM of ∼ 87 ps, a pulse duration of 57ps was
obtained. The average output power of this system was measured to be 11.3W for
a pump power of 40W. The pulse energy was 82nJ.
The far field intensity profile is shown in Fig. 5.2. A measurement was made of the
M2 and the plot of caustic is shown in Fig. 5.3. The M2 fit of the plot showed values
of 1.2 in the vertical and 1.5 in the horizontal.
Figure 5.2: Spatial profile of the laser output during modelocked operation
In addition to the temporal aspect of modelocking, a spatial phenomenon was also
observed: during modelocking the central portion of the beam appeared to dim. This
is believed to be a spatial characteristic of the NLM technique, which is strongest at
the centre of the beam – the nonlinear reflectivity of the NLM, RNL, is greater for
higher intensities. This is the first time that such an observation has been reported.
It is noted that the pulse duration of 57 ps is quite long for a passively CW mode-
locked laser system using Nd:GdVO4. One limitation to the pulse duration in this
system is set by group velocity dispersion of the different propagation times of the o
and e polarisations in type-II KTP. For type-II phase-matching, the fundamental is
split into both o and e polarisations (ideally 50%/50%). These propagate at differ-
ent group velocities vg1 and vg2. This leads to a group velocity mismatch (GVM),
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Figure 5.3: M2 measurement for the NLM modelocked oscillator with type-II KTP NLC
calculated by:
GVM =
L
vg1
− L
vg2
(5.3)
For this system with the KTP (of length L = 12 mm) operated at ∼ 40◦C, using
SNLO [119] to obtain the values of vg1 and vg2 the GVM is calculated to be ∼
4ps. The different polarisations of the fundamental waves also have implications
for the beam quality: when the fundamental passes back through the HWP, due to
the differential change in phase of the o and e waves it does not return to linear
polarisation. Since the Nd:GdVO4 itself is a birefringent material, lasing selectively
along the c-axis, the now elliptically polarised light will subsequently be degraded
by the lasing medium.
5.2.2 Modelocking with type-I phase-matching
To address the pulse duration and beam quality issues arising with type-II phase-
matching, the KTP was replaced with type-I phase-matched BiBO of dimensions
10 × 3 × 3mm. Type-I phase-matching uses a single fundamental polarisation and
the phase-matching requirement (noω = n
e
2ω) corresponds to all waves (including the
second harmonic) travelling with the same phase velocity. The HWP was removed
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and minor adjustments were made to accommodate the new crystal. Since BiBO has
a small acceptance angle (0.07◦) for phase-matching in the critical phase-matching
direction, careful adjustments were required to achieve modelocking. Once again,
CW modelocking was observed and an autocorrelation taken to determine the pulse
duration, the result of which is shown in Fig. 5.4. At an average output power
of 7.1W, a pulse duration of 5.7ps was measured at repetition rate of 144MHz,
corresponding to a pulse energy of 50nJ.
Figure 5.4: Autocorrelation trace obtained from the modelocked laser, using BiBO as
the NLC
Though the pulse duration was found to be shorter using the type-I phase-matched
BiBO, the average output power was much lower. The cavity was adjusted to obtain
more output power, but at an output power of ∼8 W the AR coating on the BiBO
suffered damage when the system began to modelock.
The acceptance angle for phase-matching of BiBO is small, so trying to match
the focussed laser mode to this acceptance angle poses increased difficulties for the
modelocking process. This also affects the beam quality: the laser mode appeared
to experience ‘clipping’ by the BiBO. The spatial beam profile is shown in Fig.
5.5. Since the beam quality can also be directly related to the performance of
the modelocking, an enhanced cavity design would be required for further progress.
Additionally, since a beamsplitter was used in the cavity to form the output coupling
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mechanism, the thick slab of glass present in the cavity can also have an impact on
the laser performance. Not only would the dispersion experienced by the pulses in
the glass have a potential effect on the pulse duration, it also adds a complexity
in determining the correct distance, D, between the mirror and the NLC for DFG
phase-matching. Further work described in the following sections and later in this
thesis utilise a specially coated dichroic OC that was procured at a later date to
these current results.
Figure 5.5: Spatial beam profile for the modelocked laser using type-I BiBO.
The intense intra-cavity focus in this laser design is also not appropriate for power
scaling, due to the high intensity at the NLC — some optical damage was observed
to the AR coating on the NLC after modelocked operation. Later described designs
use a more weakly focussed (quasi-collimated) geometry.
5.3 Nonlinear mirror modelocking of the stigmatic
bounce geometry laser
Since an improved spatial profile is thought to enhance the NLM modelocking pro-
cess, a laser design that addresses the circularity of the laser mode and overall beam
quality was considered. A common issue with the asymmetric spatial gain distribu-
tion and thermal lensing of the standard bounce amplifier is production of astigmatic
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spatial beam profiles which can be problematic in application of the laser system
to practical applications. In the case of the NLM modelocking, this poses further
problems in complexity of mode size control in the NLC. In order to address this
issue, a stigmatic cavity design was implemented, as detailed in Chapter 2.
The experimental schematic for modelocked operation is shown in Fig. 5.6. The
gain medium in this case was a 20× 5× 2 mm, 1.1 at.% doped Nd:YVO4 slab, with
emission faces angled at −14◦, with respect to the pump normal. The pump diode
used was a nominally 60 W diode bar, operating at 808 nm. The vertical diameter
of the pump radiation on the laser crystal was controlled by a 6.36 mm VCLD. A
plane-plane cavity was constructed with L1 = 65mm and L2 = 120mm, with no
inclusion of intracavity VCL’s. The cavity mirrors were angled to obtain a bounce
angle of ∼ 2◦.
Pump diode
 @ 808nm
VCLD
HR
Nd:YVO4 Imaging lens
NLC
OC:
HR @ 2ω;
~70%R @ ω
Figure 5.6: Schematic of modelocked stigmatic bounce geometry laser
This cavity was then prepared for modelocked operation by extending L2 to ∼
1300 mm using a single spherical lens of f = 300 mm. This simultaneously maintained
the laser mode for the full length of the cavity and provided a de-magnification
(magnification, M ≈ 1/2) for increased second harmonic conversion in the NLC.
Additionally, this simple imaging system did not require the use of directly focussing
into the NLC.
The NLC chosen for this cavity was a 10× 3× 3mm BiBO, but since tight focussing
into the crystal was not employed, it was thought that the small acceptance angle of
BiBO and the consequent potential poor overlap of the laser mode in the previous
cavity would not pose a problem. A dichroic mirror of R = 70% at the fundamental
and HR at the second harmonic was implemented as the output coupler (OC) to
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avoid any dispersion effects that the thick glass of the beam-splitter previously
detailed may introduce. The NLC and OC were mounted on translation stages to
obtain the correct phasing of the fundamental and second harmonic waves.
5.3.1 Experimental results of modelocked stigmatic oscilla-
tor
The phase-matching angle of the NLC was adjusted for maximum SHG. It was
found that positioning the NLC at D ∼ 25 mm from the OC provided the correct
phase-difference between the fundamental and second harmonic for DFG, and CW
modelocking was observed. The modelocked pulse-train is shown in Fig. 5.7.
Figure 5.7: Modelocked pulse train from stigmatic oscillator
An autocorrelation measurement was performed on the modelocked pulse train.
Assuming sech2 pulses, this yielded a pulse duration of 14 ps, at a repetition rate of
110 MHz. This was achieved at 12 W of average output power, from 35 W of pump
power — the power curve is shown in Fig. 5.8. It corresponds to an optical-to-
optical efficiency of 34%; a significant improvement on the efficiency obtained in the
previous system (28%) using the standard bounce-oscillator configuration, despite
the lower gain experienced in the stigmatic laser design.
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Figure 5.8: Power curve for the modelocked system. CW modelocking occurs in the
second stability region, after around 45 W pumping.
Further comparison with the previous system shows that the pulse duration achieved
here, 14 ps, is longer than the 5.7 ps achieved from the prior BiBO-based system.
The previous system employed direct focusing into the NLC, whereas this system
employs simple imaging onto the output coupler. In the current system, the lower
intracavity beam intensity in the NLC would lead to decreased nonlinear conversion
and thus lower RNL. With lower RNL, the pulse shortening function of the NLM
may not be as effective, which would generate longer pulse durations. Despite this,
the stigmatic system offered a much more stable and robust modelocked system.
Over the course of many hours, the system remained stably modelocked with little
fluctuation despite operating in an open bench-top cavity system.
The spatial beam profile of the modelocked oscillator is shown in Fig. 5.9(a); for
comparison, the beam profile obtained using the non-modelocked oscillator output is
also shown in Fig. 5.9(b). The beam exhibits high circularity, showing good design
of the stigmatic cavity, with little degradation upon the inclusion of the NLC in the
cavity. As noted for the previous NLM system, a central spatial ‘dimming’ is also
observed during modelocked operation as compared with non-modelocked operation
due to the spatial intensity dependence of the NLM.
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Figure 5.9: Beam profiles of a) NLM modelocked oscillator and b) non-modelocked
oscillator
A M2 measurement was taken and plotted in Fig. 5.10. The numerical values of
the M2 were 1.12 in the horizontal and 1.18 in the vertical. The plot shows the
excellent quality and low astigmatism of the output beam. The spatial profile can
be prominent in the modelocking mechanism since the second harmonic conversion
efficiency varies spatially, and hence so does RNL [120]. Since the modelocked system
exhibited high durability and stability throughout this investigation, the improved
spatial quality afforded by the stigmatic oscillator could have contributed to this.
No observation of any crystal or AR coating degradation of the BiBO was observed.
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Figure 5.10: M2 plot for the modelocked output
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5.3.2 Variation of crystal–output coupler distance
To assess the conditions required for DFG on the return pass and hence the mod-
elocking quality, the distance, D, between the NLC and the OC was varied. As
previously discussed, modelocking occurs when the phase difference between the
fundamental and second harmonic is conducive to DFG on the second pass through
the NLC. By varying D, this phase difference is adjusted by the dispersion of the
two wavelengths in air.
The initial modelocking results discussed in the previous section were obtained at D
= 25 mm, where stable modelocking occurred. D was both increased and decreased
around this initial position until modelocking was no longer sustained. The range
over which the laser modelocked was between 10 mm and 35 mm. At the extremities
of this range, the system could not support stable CW modelocking, but became
erratic. Outside of this range the laser was temporally ‘quiet’. In the middle of this
range, between 20 and 22 mm, the laser operated in a stable Q-switched modelocking
(QSML) regime, with CW modelocking unattainable. This suggests that for CW
modelocking, there may be further conditions required in addition to just phase-
matching, at least in this system. The pulse duration in the 10 – 35 mm range did
not vary with any specific pattern, but remained within the range 14 — 16 ps.
The air dispersion phase condition for DFG back conversion is multivalued: ∆φ =
π±m2π, where m is an integer. To investigate this, we increased D to allow greater
air dispersion. A new position for CW modelocking was found in the range 65 –
82 mm. This is a smaller range than the initial one and the system was less stable
when in modelocked operation. This could be accounted for by the lower nonlinear
conversion, since the beam waist is larger (and hence the intracavity beam intensity
is lower) at this position. This is consistent with Stankov’s analysis [43] and the
results found in the previous section, that RNL increases with increasing conversion
efficiency. QSML was also observed near the centre of this second region, but the
range over which this occurred was less defined. The pulse duration in this second
range was longer than the first range, around 20 ps, which can also be accounted
for by the decreased nonlinear conversion.
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It would be expected that by moving the NLC further away, a third position of D
(∆φ = 5π) would be observed. However, in practice this was found not to be the
case in this system. We assume this to be because the beam waist was too large to
provide sufficient second harmonic conversion for modelocking to occur.
5.4 Spontaneous Pattern Formation
Originally reported by Allan Turing [121], spontaneous pattern formation (SPF) is
a universally occuring phenomenon, appearing in many naturally occuring systems
that have some feedback mechanism. Many nonlinear optical systems involve coun-
terpropagating beams, particularly lasers, and this provides the system with extra
degrees of freedom, increasing the chance of pattern formation [122]. These patterns
form as a result of the interaction between the nonlinearity of the system and the
spatio-temporal dynamics, coupling to form neighbouring spatial effects [123]. A
high Fresnel number is needed to allow oscillation of many transverse modes; the
complexity of the pattern thus increases with Fresnel number.
Figure 5.11: Photograph of spontaneous pattern formation on the face of the crystal
oven during modelocked operation. Optics and Photonics News Image of the Week, 21st
March 2011.
The NLM modelocking mechanism involves feedback of the second harmonic to
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the NLC. The amplitude-modulation effect of the nonlinear reflectivity leads to
modulation imparted onto the second harmonic beam in the feedback loop. Evidence
of SPF is the appearance of the hexagonal shapes, which can be seen in Fig. 5.11.
Of course, a phase-modulation effect could produce an analogous result, and indeed,
many publications have investigated the effect of Kerr-like media in a feedback loop
producing SPF [122, 124]. Thus SPF would also be expected in the case of the
cascaded χ(2) modelocking technique.
5.5 Conclusions
For the first time, the nonlinear mirror modelocking technique has been used to
modelock a bounce geometry laser. The aim was to develop a modelocked system
that was durable and simple to implement, without experiencing the damage that
SESAM’s often incur in high power systems. Continuous-wave modelocking was
attained using both type-I and type-II phase-matched nonlinear crystals.
Initially, type-II phase-matched KTP was used. The system was self-starting and
remained modelocked over the course of several hours with a pulse duration of 57ps
and an average power of 11.3W, exploiting the benefits of such a high-gain system as
the bounce geometry laser. This system highlighted a pulse duration limitation in
the use of a type-II nonlinear crystal, due to a group velocity mismatch arising from
the different phase velocities of the fundamental polarisations and second harmonic
polarisation. The KTP was replaced with a type-I phase-matched BiBO.
Using type-I BiBO, continuous-wave modelocking was achieved at an average power
of 7.1W, with a pulse duration of 5.7ps. The tightly focussed intra-cavity telescope
arrangement did lead to a damage event in the BiBO crystal at the highest pump
power, therefore a more weakly focussing design was utilised in further work.
This further work involved use of the nonlinear mirror (using BiBO) to modelock a
novel stigmatic bounce geometry laser that exhibits high circularity and low astig-
matism, obtaining the highest power oscillator to date using the nonlinear mirror
modelocking technique. 12 W of average output power was achieved during self-
starting continuous-wave modelocking, from 35 W of pump power, corresponding
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to a much higher optical-to-optical efficiency of 34% than the previous system. A
pulse duration of 14 ps was obtained at a repetition rate of 110 MHz. A quasi-
collimated approach in the BiBO meant that no optical damage was observed dur-
ing the course of operation, even when operated in a high peak power Q-switched
modelocking regime. This presents an efficient and durable, high power modelocked
laser with the potential of producing higher power systems via increased pumping
or amplification.
The design of the novel stigmatic bounce-oscillator leads to a modelocked output
with low astigmatism and highly circular beam profiles with excellent beam quality
(M2 < 1.2). This is achieved simply through matching the ‘size’ of the vertical and
horizontal pump regions and equalising the thermal lens in each dimension in the
bounce amplifier. The high quality of the beam is favourable to the modelocking
process and, furthermore, minimises crystal damage effects due to ‘hot-spots’ in
the beam. Finally, the circular, non-astigmatic spatial output of the modelocked
oscillator is suitable for direct application without further reshaping.
This investigation has also posed questions regarding the conditions for continuous-
wave modelocking. Although the laser modelocks over a range of nonlinear crystal–
output coupler separations (D), we found that at certain distances the laser operated
in a Q-switched modelocking regime, suggesting that there may be other factors
besides phase-matching that are requirements for continuous-wave modelocking. It
would be interesting to investigate this in future work, to ensure either continuous-
wave modelocking or Q-switched modelocking operation as required.
Furthermore, two interesting spatial effects were observed. A spatial ‘dimming’ of
the TEM00 mode was observed in the laser beam profile in each modelocked system.
This is believed to be a spatial characteristic of the nonlinear mirror modelocking
technique, since the nonlinear reflectivity is strongest at centre of the beam, at higher
intensities. Additionally, the incidence of the phenomenon of spontaneous pattern
formation was reported, ocurring due to the feedback of the second harmonic to the
nonlinear crystal. Repeat patterns of hexagons were observed with a high degree of
regularity.
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Chapter 6
Mixed vanadate
6.1 Introduction
This chapter explores the use of a different gain medium to those discussed in pre-
vious chapters. Nd-doped mixed vanadate has been used increasingly since its
conception in 2003, for its larger gain bandwidth and lower stimulated emission
cross-section (as compared with single vanadates). Previously, high average power
operation of such a class of crystals has been limited, with the highest power achieved
∼ 20 W [125] using the bounce geometry. These results were presented at an inter-
national conference [126] and have been submitted for publication [127].
As for modelocking, the highest average powers have been somewhat limited. Most
systems reported to date detail average output powers of < 1 W, with few report-
ing > 1 W [128, 129]. By using the bounce geometry and the NLM modelocking
technique, this chapter shows the highest power modelocking of a mixed vanadate
oscillator ever reported. The author acknowledges Prof. Takashige Omatsu from
Chiba University, who provided the mixed vanadate crystal.
6.2 Mixed vanadate
The shortest pulse duration that can be obtained from a simple oscillator is depen-
dent on the gain bandwidth of the laser medium. Nd-doped vanadates and YAG
tend to have somewhat narrow gain bandwidths — 0.7 nm for Nd:YAG; ∼ 1 nm for
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Nd:YVO4; ∼ 1.3 nm for Nd:GdVO4 — limiting the shortest pulses obtainable from
modelocking these sources.
In 2003, the first experimental report of laser action using a mixed vanadate was
published [128, 130]. A fraction of Y ions were replaced with a fraction of Gd
ions in Nd:YVO4 to produce a new class of crystals of the form Nd:GdxY1−xVO4.
By varying the value of x, the material parameters were altered. The aim of this
was for enhanced passive Q-switching performance from vanadate systems. As we
found in Chapter 3, passive Q-switching of Nd-doped vanadates is limited due to
high stimulated emission cross-section. The mixed vanadate crystals were thought
to result in enhanced Q-switched performance, with higher pulse energy and peak
power, compared with the single vanadates, due to the lower stimulated emission
cross-section and longer upper state lifetime.
Another side-effect of mixing Y and Gd ions in the same crystal is the inhomogeneous
broadening of the gain spectrum, caused by modifications to the local crystal field
surrounding each Nd ion. This occurs since the previously identically Y-occupied
lattice sites are now occupied by a mixture of Y and Gd ions, forming a random
distribution. Different crystal fields experienced by the Nd ions from the replace-
ment of Y or Gd ions additionally contributes to inhomogeneous broadening of the
emission bandwidth. The ‘amount’ of broadening obviously changes for different
ratios of Y and Gd, but for Nd:Gd0.64Y0.36VO4, one of the most commonly used
ratios, the fluorescence bandwidth was measured to be 3.5 nm [128, 130].
6.3 Experimental system
The bounce laser amplifier was a 20 × 5 × 2 mm slab of Nd:Gd0.6Y0.4VO4 with 1.5
at.% Nd-doping, oriented in the usual way (i.e. contact cooling via the 20 × 5 mm
faces, AR coating at 1µm on the 5 × 2 mm faces, AR coating at 808 nm on the 20
× 2 mm face). The 5 × 2 mm faces were angled at 5◦ to the pump normal. The
measured fluorescence spectrum for this crystal, as provided by the collaborator,
Prof. Omatsu, is shown in Fig. 6.1.
A plane-plane cavity was set up as shown schematically in Fig. 6.2. A vertical cylin-
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Figure 6.1: Measured fluorescence spectrum obtained from Nd:Gd0.6Y0.4VO4.
Figure 6.2: Experimental laser system for continuous-wave operation.
drical lens (VCLD) of focal length 12.7 mm was used to bring the pump radiation to
a line focus on the 20 × 2 mm face; two further VCL’s (of focal length 50 mm) were
incorporated into the cavity. An output coupler of reflectivity R = 60% was used,
in contrast to the 30% output coupler employed in the standard bounce geometry
employing intra-cavity VCL’s. This was to compensate for the expected lower gain
experienced by the mixed vanadate amplifier, due to its lower stimulated emission
cross-section.
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6.3.1 Compact multimode cavity
A compact, symmetric cavity was initially used with cavity arm lengths L1 = L2
= 70 mm producing a spatially multimode output in the horizontal, but diffraction
limited in the vertical direction. The power curve for this system is shown in Fig. 6.3
by the filled red circles. The maximum output power obtained was 27.5 W for 50 W
pumping, which is the highest output power from a mixed vanadate oscillator ever
reported. This corresponds to an optical-to-optical efficiency (ηopt−opt) of 55%.
Figure 6.3: Power curve for continuous-wave operation. The filled red circles indicate
the power curve for the compact cavity; the open blue circles represent the power curve
for the asymmetric TEM00 cavity.
6.3.2 TEM00 cavity
The cavity arms were extended to L1 = 100 mm and L2 = 270 mm for TEM00
operation. The power curve obtained from this cavity is also shown in Fig. 6.3. The
maximum output power obtained at 50 W pumping was 23 W, corresponding to
ηopt−opt of 45%. The spatial profile obtained from this system at an output power
of 21 W is shown in in Fig. 6.4. The measured M2 value for this system was 1.5 in
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the vertical and 1.6 in the horizontal.
Figure 6.4: Spatial profile recorded at 21 W output power.
6.4 Experimental system for modelocked opera-
tion
To incorporate the NLM for modelocked operation, the cavity was further extended
such that L2 ∼ 1400 mm (schematic shown in Fig. 6.5). This was accomplished by
the addition of a relay-telescope using two imaging lenses of focal lengths 300 and
200 mm. This also provided a de-magnification factor of the laser mode of ∼ 2/3
and a spot size of ∼ 300µm at the NLC and OC. The R = 60% output coupler was
replaced with a dichroic output coupler, highly reflecting (HR) at 532 nm and R =
70% at 1064 nm. Once again, a 3 × 3 × 10 mm BiBO crystal was included in the
cavity, ∼ 25 mm away from the output coupler.
Figure 6.5: Schematic of experimental modelocked cavity
The threshold for CW modelocking was at a pump power of ∼ 46 W and at 50 W
pumping, an output power of 16.8 W was measured — the highest power modelocked
mixed vanadate oscillator to date. The power curve for this is shown in Fig. 6.6.
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The system was self-starting and remained stably modelocked over the course of
hours. The pulse repetition rate was ∼ 100 MHz.
Figure 6.6: Experimental power curve during modelocked operation
6.4.1 Spectrum and pulse duration
Since the bandwidth of the mixed vanadate is broader than the amplifiers usually
used in the bounce geometry, an optical spectrum analyser (OSA) was used to mea-
sure the lasing bandwith in CW and modelocked operation. Due to equipment
failure, it was not possible to record the data for the spectra and so photographs
were taken of the traces. These are shown in Fig. 6.7. Figure 6.7(a) is a photograph
of the spectrum during CW operation. The measured lasing bandwidth (measured
bandwidth, MBW) was found to be 0.092 nm. Figure 6.7(b) is a photograph of the
spectrum during modelocked operation. Unfortunately, the quality of this photo-
graph is too poor for the data to be seen in this thesis, but the MBW data was
recorded at 0.20 nm. The resolution (resolution bandwith, RBW) of the spectrum
analyser was 0.07 nm and the deconvolved actual bandwidth (ABW) of the laser
increased from 0.06 nm in CW operation to 0.19 nm when modelocked. This is
calculated from Eq. (6.1). The central wavelength in both CW and modelocked
operation was 1063.8 nm. At an output power of 16 W, the pulse duration was
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a) b)
Figure 6.7: Spectra photograph during a) CW operation and b) modelocked operation
of the mixed vanadate laser.
recorded with a laboratory-built autocorrelator. The resulting trace from this is
plotted in Fig. 6.8. The full-width half-maximum from the autocorrelation trace
was found to be 19.6 ps. Assuming sech2 pulse shape, this corresponds to a pulse
duration of 12.7 ps.
MBW 2 = ABW 2 +RBW 2 (6.1)
Figure 6.8: Autocorrelation trace of the modelocked output. The autocorrelation
FWHM is 19.6 ps, corresponding to a pulse duration of 12.7 ps.
The pulse duration measured from the output of the laser is expected to be longer
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than that of the pulse circulating in the cavity [95]; since the NLM reflects the peak
of the pulse more than the wings, broader pulses are coupled out of the cavity. This
could be addressed by utilising an adaptation of the NLM modelocking technique:
by operating the nonlinear crystal in a phase mis-matched regime, a cascaded-χ2
lens evolves [131]. This can be considered to act on the pulse analogously to a Kerr
lens [112, 131], leading to a shorter pulse duration, with the correct cavity design.
As a final aside, a photograph of the NLM in action is shown in Fig. 6.9. This
photograph clearly shows the second harmonic tracking in the air. The OC and
NLC are labelled to show that SHG only occurs on the first pass through the NLC.
The second harmonic is not visible on the opposite side of the crystal, since it has
been reconverted to the fundamental. This is just a good illustration of the action
of the NLM.
OC
NLC
Figure 6.9: Photograph of the NLM in action; the second harmonic is clearly only seen
after the first pass through the NLC. After reflection by the OC and the second pass
through the NLC, it is reconverted to the fundamental.
6.5 Conclusions
This chapter discussed the high power operation of a Nd-doped mixed vanadate
laser using the bounce geometry and the relative merits of using such gain media
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for modelocking. The highest average power mixed vanadate oscillator has been
presented, measured at 27.5 W from a compact, symmetric cavity and spatially
multimode output. This corresponds to an optical-to-optical efficiency (ηopt−opt) of
55%. An average output power of 23 W in TEM00 operation was demonstrated, by
adapting the cavity design, corresponding to ηopt−opt of 45%.
This TEM00 system was subsequently modelocked using the NLM technique in an
extended cavity design. CW modelocking was demonstrated at an output power of
16.8 W and repetition rate of ∼ 100 MHz. This is the first time the NLM technique
has been used to modelock a mixed vanadate laser; additionally, this is the highest
power of any modelocked mixed vanadate oscillator to date. The pulse duration was
measured to be 12.7 ps.
Regarding the pulse duration, however, though the 12 ps reported here shows a
marginal improvement on the 14 ps in the previous chapter, pulse durations < 3 ps
have been reported in [95, 131] by using the cascaded-χ(2) lens approach. The lasing
spectrum of the mixed vanadate system is greater that of the single vanadate lasers,
so further work is required to exploit the broader fluorescence spectrum of mixed
vanadate.
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Chapter 7
Power scaling
7.1 Introduction
One of the advantages of the bounce geometry is its potential for high power scal-
ing, due to the high gain and spatial averaging effects. An aim of this thesis was to
investigate the power scaling potential of the bounce geometry as applied to a NLM
modelocked system. Already, in this thesis the NLM technique has been success-
fully applied to numerous bounce geometry laser systems, producing relatively high
output powers (> 10W). This chapter aims to address further power scaling.
Power scaling of the bounce geometry can be achieved in a number of ways. The
mitigation of thermal effects through spatial averaging can mean that potentially,
simply increasing the pump power can be an effective way to power scale. However,
as with many laser designs, the main issues in employing increased pump power
are thermal lensing and optical damage. Since spatial averaging via the TIR of
the laser mode has been shown to mitigate excessive thermal effects in the bounce
geometry, employing a second TIR of the laser mode could further enhance the
spatial averaging. This geometry is known as the double bounce geometry. A
further method of power scaling is through use of a master oscillator power amplifier
(MOPA) system.
This chapter explores the use of a double bounce [132] for increased spatial aver-
aging to achieve power scaling of a NLM modelocked laser. It was thought that
the enhanced spatial averaging may assist the NLM modelocked process, as well as
137
producing a high power system. These results have been presented at an interna-
tional conference [133]. Another system employing increased pump power is also
described for high power NLM modelocking and these results were also presented
at an international conference [134]. The bounce geometry is well equipped to cope
with intense pumping and it was thought that the simplicity of such a system will
produce a robust and reliable modelocked system.
7.2 Power scaling in the bounce geometry
The most obvious way to increase the power of a laser is to increase the pump
power. The way in which pump light is spread across the pump face means that it
is possible to pump a bounce amplifier very strongly before the damage threshold
is reached. However, intense pumping affects the laser system in ways that can
be detrimental to its performance. Higher pump powers induce stronger thermal
lensing and aberrations, as well as parasitic lasing which can degrade the beam
quality. The laser oscillator can be built to compensate, to an extent, for thermal
lensing effects (which we have seen in earlier chapters), but eventually a limit is
reached where other performance factors are affected, such as the efficiency.
7.3 Double bounce geometry laser
The bounce geometry has proven to produce high power laser systems with excellent
beam quality. Since the TIR path of the laser mode produces highly efficient, high
quality outputs, a second path would further improve this. Figure 7.1 shows the
schematic of potential double TIR bounces that the laser mode could take. Figure
7.1(a) indicates a schematic wherein the second bounce overlaps the first, but at
a different bounce angle. In this configuration, if both bounces are centred on
the pump face of the crystal, a higher extraction efficiency can be achieved as the
laser mode can access previously undepleted gain. Figure 7.1(b) shows a different
configuration, whereby the two bounces are in different spatial regions of the pump
face. This can lead to enhanced spatial averaging, improving the spatial quality of
the laser output. A preliminaray set of experiments were performed on the double
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bounce geometry to investigate this scheme for improved laser performance.
Figure 7.1: Schematic of double bounce geometry amplifiers. a) The second bounce
of the laser mode (red) overlapping the first, in the centre of the pump face; b) the two
bounces are in different spatial regions.
By applying the NLM modelocking technique to double bounce geometry laser sys-
tems, higher power modelocked outputs could be achieved. Furthermore, the NLM
technique could benefit from the enhanced spatial averaging experienced by the laser
mode.
7.3.1 Experimental double bounce laser
The double bounce laser with the two bounces spatially separated was constructed
to assess its CW operation, as shown schematically in Fig. 7.2. The amplifier
was a 20× 5× 2mm 1.1 at.% doped Nd:GdVO4 crystal operating at 1063nm. The
emission faces were cut at 5◦ to the pump face normal. It was pumped by a fast-axis
collimated, passively cooled diode bar operating at 808nm, with maximum pump
power of 50W. Initially, the cavity was aligned as for a single bounce with two plane-
plane mirrors – one HR at 1063nm and one output coupler (OC) with reflectivity
R = 10% at 1063nm. Two further HR mirrors were included to feedback the beam
from the first pass, accessing a different spatial region.
At a pump power of 50W, 23W of average power was achieved. The CW power
curve is shown in Fig. 7.3. The spatial beam profile of the output is shown in Fig.
7.4. The low intensity wings of the spatial profile were decreased, as compared with
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Figure 7.2: Schematic of the experimental double bounce laser with spatially separated
bounces.
a single bounce geometry laser. However, the profile appeared very asymmetric and
broader in the horizontal.
Figure 7.3: CW power curve for the experimental double bounce laser with spatially
separated bounces.
The cavity was adjusted such that the two bounces now overlapped in the centre of
the pump face, as indicated in Fig 7.1(a). The two bounce angles for this system
were 7.5◦ and 4.5◦. At a pump power of 50W, 24.6W of output power was measured,
giving an optical-to-optical efficiency of 49%. Once again, the beam profile was much
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Figure 7.4: Far-field spatial intensity profile from the double bounce laser at 23W output
power.
broader in the horizontal.
7.3.2 Modelocking of the double bounce laser
Pump diode
 @ 808nm
Nd:GdVO4
HR VCL
VCLD
HR
HR
VCL
HR
HR
Imaging optics
OC:
HR @ 2ω;
~70%R @ ω
NLC
Figure 7.5: Experimental schematic of the double bounce geometry laser with the two
bounces overlapped.
The double bounce cavity with a common bounce zone was then extended to ∼ 1.5m,
the schematic is shown in Fig. 7.5. Using two lenses of focal length f = 300mm,
the cavity mode was relay imaged onto the OC. The original OC of reflectivity R =
10% was replaced with the dichroic OC, HR for 532nm and R = 70% at 1063nm.
The NLC was a 10× 3× 3mm BiBO, employing type-I phase-matching. The power
curve obtained from this system is shown in Fig. 7.6 (open green circles), along
with a comparison with that obtained from the unextended CW cavity (filled red
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circles). The maximum average output power obtained during modelocked opera-
tion was 16W, corresponding to an optical-to-optical efficiency of ∼ 33%. Between
42 – 48W pump power, the laser operated in CW modelocking; outside of this
range of pump powers, the laser intermittently modelocked, often in a Q-switched
modelocked regime.
Figure 7.6: Power curve obtained for CW (filled red circles) and modelocked operation
(open green circles). The blue dashed cirled indicates CW modelocked operation.
The pulse repetition rate was measured to be 85MHz, but the pulse train exhibited
some pulse jitter and CW background (shown in Fig. 7.7).
An autocorrelation trace showed evidence of satellite pulses, by two lower inten-
sity signals either side of the central peak. The FWHM of the central peak, and
hence strongest pulse, was 20ps. This can sometimes occur when the laser is poorly
modelocked. Siegman [31] describes the presence of satellite pulses in a passively
modelocked oscillator in terms of the statistical nature of modelocking. There are
unavoidable statistical variations in the output; there will inevitably be initial noise
spikes that have nearly the same amplitude, which can result in weaker secondary
pulses at random time intervals.
The poorer results, as compared with the modelocked oscillators discussed in pre-
vious chapters, may be attributed to the spatial beam quality. Additionally, the
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Figure 7.7: Pulse train obtained from modelocked double bounce laser
mode size in the NLC was likely to be larger due to the larger initial size of the laser
mode and lack of demagnification, although the actual size has not been measured.
It is believed that with further work, this power scaling via use of the double bounce
geometry can be utilised effectively. Due to the added complexity of this scheme and
time constraints, it was decided in this thesis to pursue alternative power scaling
routes.
7.4 Increased pump power
In Chapter 2, a 100W pump diode was used to achieve high-power TEM00 operation.
An actively cooled diode bar was used and in addition to the added complication
of this cooling mechanism, the spatial quality of this bar was not comparable to
the passively cooled, lower power bars. In this section, the use of a 100W passively
cooled diode bar to pump a modelocked Nd:GdVO4 laser is discussed with the aim
of demonstrating power scaling.
7.4.1 Experimental system
The experimental laser was similar to that used in Chapter 2 and is shown in Fig.
7.8. The amplifier was again a 20 × 5 × 2mm 1.1 at.% doped Nd:GdVO4 crystal
operating at 1063nm, with 5◦ cut emission faces. It was pumped by a fast-axis
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collimated 100W macro-channel cooled diode bar, lasing at 808nm. The output of
the diode was polarised perpendicular to the c-axis of the laser crystal, so a half-
wave plate was placed in the output path of the laser to rotate the polarisation to
parallel to the c-axis.
Figure 7.8: Schematic of high power NLM modelocked bounce geometry laser, using
increased pump power.
The diode emission was focussed onto the pump face of the amplifier using a VCLD
of focal length 12.7mm, generating a horizontal line focus. The cavity was formed
of two plane-plane mirrors and two further VCL’s were included in the cavity for
efficient mode matching. An internal bounce angle of ∼ 7◦, with respect to the
pump face was used.
The OC used in this system was a dichroic mirror, HR at the second harmonic (∼
532nm) and R = 50% at the fundamental wavelength. The NLC was a 10×3×3mm
type-I phase-matched BiBO, placed ∼ 70mm from the OC. Relay imaging of the
cavity mode was employed by use of an intracavity telescope. This was used to
extend the cavity length to ∼ 1.5m and to magnify the laser mode by a factor of
2/3 in the NLC by use of f1 = 300mm and f = 200mm plano-convex lenses.
7.4.2 High power modelocking results
The NLC was phase-matched for efficient SHG and minor adjustments induced the
laser to modelock. A stable train of CW modelocked pulses was recorded by an
oscilloscope and is shown in Fig. 7.9 and a repetition rate of 100MHz was deduced,
corresponding to the 1.5m cavity optical length.
At a pump power of 100W, 33W of average output power was measured. The power
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Figure 7.9: Modelocked pulse train at 95W pump power.
curve is shown in Fig. 7.10. Two distinct regions of stable modelocked operation
in TEM00 operation were found and these are indicated by the dashed blue circles
on the power curve. The first of these regions was near the end of the first zone
of stability, between 55 – 60W. The second region where the laser modelocked was
between 93 – 98W, in the second stability zone. Beyond 98W the laser operated in
a Q-switched modelocking regime. The power curve appears to turn over around
this pump power and the beam quality became more multimode.
The spectra during CW and modelocked operation were measured using an optical
spectrum analyser (OSA); photographs of the OSA screen displaying the spectra
are shown in Fig. 7.11. During CW operation, the bandwidth of the spectrum, as
measured by the OSA was found to be 0.0710nm, with the resolution of the OSA
set at the lowest value of 0.0700nm (RBW). For CW operation, the ABW is then
0.0118nm. During modelocked operation, the MBW increased to 0.196nm so the
ABW is then 0.183nm. The centre wavelength in both cases (CW and modelocked)
was measured to be 1063.2nm. The shortest permissible pulses from this system
would thus be ∼6.5ps, assuming sech2 pulses. The pulse duration, however, was
measured to be 10ps, implying the pulses are not quite transform limited.
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Figure 7.10: Power curve for high power modelocked system. The regions of CW mod-
elocking are indicated by the dashed blue circles.
a) b)
Figure 7.11: Photographs of spectra during a) CW and b) modelocked operation. When
the laser was modelocked, the spectrum broadens.
7.5 Conclusions
High power scaling of nonlinear mirror modelocked lasers operating in the bounce
geometry has been discussed. Two experimental implementations of power scaling
have been presented: the use of a double bounce amplifier and high power pumping
geometries were discussed.
Two schematics of the double bounce geometry amplifier were briefly discussed. The
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first involved the laser mode taking a second path of total internal reflection at the
pump face, but at a spatially different part of the gain region to the first bounce.
This was implemented to achieve improved spatial averaging of the gain and thermal
nonlinearities. Although the low intensity wings of the output spatial beam profile
were somewhat decreased (as compared with a single bounce amplifier), the beam
profile was highly asymmetric and broader in the horizontal. This was thought to
be due to differences in the angles of each bounce. This system produced 23 W of
output power from 50 W of pump power in continuous-wave operation.
The second double bounce configuration involved the laser mode making its second
bounce overlapping with the first. This was done to extract any gain previously
unextracted on the first bounce. This system also produced an asymmetric spatial
beam profile, but high average power of 24.6 W was achieved, from 50W pump
power. This cavity was then extended for nonlinear mirror modelocking, once again
using BiBO as the nonlinear crystal. At a repetition rate of 85 MHz, continuous-
wave modelocking was achieved with 16 W of average output power from 48 W
pumping. However, the pulse train showed some pulse jitter and continuous-wave
background. The autocorrelation indicated signs of satellite pulses, so the system
was not well modelocked. This is thought to be due to the asymmetry in the beam
quality.
A system employing increased pump power from a passively cooled 100 W pump
diode was then discussed. This cavity also involved the use of BiBO nonlinear crystal
for nonlinear mirror modelocking. A maximum output power of 33 W was measured
from 100 W of pump power. This output power is the highest power ever reported
using the nonlinear mirror modelocking technique and represents a milestone in
average output power since it could potentially compete with industrial SESAM-
based modelocked lasers. The repetition rate was 100 MHz and the pulse duration
10 ps. Spectral measurements showed that the pulses were not transform limited,
since pulses as short as 6.5 ps should be obtainable from the lasing bandwidth of
0.183 nm.
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Chapter 8
Conclusions
8.1 Introduction
The aim of this work was to develop high average power pulsed lasers using the
bounce geometry. This final chapter presents a summary of the work covered in this
thesis. An overview of potential future work related to that presented here is also
included.
8.2 Thesis summary
This thesis began with a literature review to contextualise the results obtained. This
included a discussion of diode-pumped solid-state lasers in general, reviewing com-
mon dopants and hosts and pumping geometries, with particular attention given to
heat generation in the laser gain medium. The thermal issues experienced by lasers
were considered: the heat generation mechanisms and the origins of thermal lensing
were discussed. Finally, pulse formation by both Q-switching and modelocking was
described, along with the main methods of achieving both.
8.2.1 Bounce geometry oscillator development
Chapter 2 described the concept and practical implementation of the bounce geom-
etry laser. Suitable gain media for use in the bounce geometry were compared and
a discussion of the thermal lensing experienced in this geometry was included. The
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high-power capabilities of the bounce geometry were demonstrated with a compact
Nd:GdVO4 oscillator operating at the 1µm wavelength transition. This system op-
erated with over 60% optical-to-optical efficiency. The spatial output of this laser
was fundamental mode in the vertical but multimode in the horizontal. To achieve
TEM00 output, the cavity design was modified using the technique described by
Minassian et al. [56]. This led to an analysis of laser cavity stability and the effect
of a variable thermal lens on the stability of a laser resonator. Using an asymmetric
plane-plane cavity, the laser mode was spatially matched to the pump region, allow-
ing for TEM00 operation at an output power of 35 W at a pump power of 100 W.
The spatial profile was, however, asymmetric and with indications of astigmatism;
a property of bounce geometry lasers due to the asymmetry of the thermal lens and
gain size in the horizontal and vertical directions.
A novel design of the bounce geometry was introduced, that sought to remove astig-
matism. This design involves careful control of the dimensions of the amplifier to
produce a bounce amplifier with a circular gain profile and symmetric thermal lens,
imposing radial symmetry on the design. This allowed for the generation of stig-
matic output from a bounce geometry laser. A plane-plane cavity was built without
requirement of intracavity cylindrical optics, based on this stigmatic bounce laser
design. This produced 13 W of output power from 55 W of pumping, with highly
circular spatial profile and near diffraction-limited beam quality.
8.2.2 Passive Q-switching
Chapter 3 discussed the limitations to passive Q-switching of Nd-doped gain media
with Cr4+:YAG, particularly when operated in the bounce geometry, due to the high
inversion created when pumping at 808 nm. The lower gain and circular beam profile
experienced when using the stigmatic bounce geometry laser design was implemented
to address this. An asymmetric stigmatic cavity was developed using Nd:YVO4, and
a Cr4+:YAG saturable absorber was placed near the back mirror. Q-switching with
an average output power over 11 W was recorded — the highest power passively
Q-switched laser in the class of Nd-doped vanadates to date, showing promise for
further power scaling using the stigmatic bounce geometry laser design.
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8.2.3 Nonlinear mirror modelocking
Chapter 4 underpins the main theoretical nonlinear optical concepts exploited in
the rest of the thesis. The origins of nonlinear optical response were explored and a
derivation of second harmonic generation in phase-matched and phase-mismatched
regimes was presented. This was then used to explain the nonlinear mirror mod-
elocking mechanism, utilising a nonlinear crystal in combination with a dichroic
output coupler. The evolution of a nonlinear reflectivity was mathematically ex-
plained, after second harmonic generation and difference frequency generation in
two passes through a nonlinear crystal.
The first experimental implementation of nonlinear mirror modelocking in a bounce
geometry laser was then described in Chapter 5. Initially, a Nd:GdVO4 laser em-
ploying a direct intra-cavity focus into the nonlinear crystal was presented. Since no
dichroic output coupler was available, a high reflector mirror at both the second har-
monic and fundamental wavelengths and a beam-splitter angled to provide output
coupling at the fundamental were used together. Two nonlinear crystals were used:
type-II phase-matched KTP, yielding 11.3 W of modelocked output with a pulse
duration of 57 ps; type-I phase-matching BiBO, yielding 7.1 W of modelocked out-
put and pulse duration 5.7 ps. The high average power of the KTP system showed
promise for the nonlinear mirror modelocking technique, but the pulse duration
was relatively long and limited by group velocity dispersion due to the difference in
the velocities of the o and e polarisations of the fundamental and second harmonic
beams, necessary for type-II phase-matching. The pulse duration obtained from the
type-I phase-matched BiBO system was considerably shorter. The beam quality
appeared to be ‘clipped’, however and the system did not operate stably for long
periods of time. This was thought to be due to the small acceptance angle of BiBO
and hence poor matching of the focussed laser mode to this small angle. The poor
beam quality, in all likelihood, effected the stability performance of the modelocking,
since the process of second harmonic generation is dependent on spatial quality of
the laser mode.
In order to address the poor stability of the modelocked system, the stigmatic design
of the bounce geometry was employed together with an interaction of the laser mode
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with the nonlinear crystal without tight focussing. The improved beam quality of
this laser system and better second harmonic generation quality was thought to
enhance the nonlinear mirror modelocking process. A Nd:YVO4 bounce laser in the
stigmatic design was developed for modelocked operation, and intra-cavity imaging
of the laser mode onto the output coupler was employed to avoid harsh focussing
into the type-I phase-matched BiBO nonlinear crystal. A specially-designed dichroic
output coupler was used in this system, highly reflecting at the second harmonic
and reflectivity R = 70% at the fundamental. This system produced a highly stable
modelocked output with 12 W of average output power and a pulse duration of
14 ps. The stigmatic bounce design was found to be highly effective for nonlinear
mirror modelocking.
Chapter 6 then went onto discuss the nonlinear mirror modelocking of a mixed
vanadate laser. An amplifier of Nd:Gd0.6Y0.4VO4, operating at the 1µm transition
was used, primarily for the increased gain bandwidth. A high-power compact cavity
was developed, producing 27.5 W of output power — the highest output power
obtained from any mixed vanadate oscillator. A TEM00 cavity design was then
employed and this cavity was prepared for modelocking by using an extended cavity
and imaging the laser mode onto the output coupler using an intra-cavity telescope.
Again, the nonlinear crystal used was type-I phase-matched BiBO. Modelocking was
achieved with an output power of 16.8 W and a pulse duration of 12.7 ps. This is the
highest power modelocked mixed vanadate laser ever reported. This shows promise
for further experimentation with mixed vanadate in terms of high power and shorter
pulse duration.
Chapter 7 drew upon one of the main aims of this thesis: power scaling of modelocked
sources. This chapter explored power scaling using a double bounce laser cavity
design and through the implementation of increased pumping of the single bounce
cavity. This achieved 33 W of modelocked power, the world record power using the
nonlinear mirror modelocking technique.
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8.3 Future work
This thesis has demonstrated the high power pulsing capabilities of the bounce
geometry laser. However, there is still much more that could be done to develop
these capabilities further. There is still some refinement that is required for the
high power modelocked system, with respect to reliability and long term stability of
operating at such high powers, or even scaling to higher powers.
Additionally some interesting possibilities also exist to broaden the work. One im-
portant development is to expand the wavelength operating range of the systems,
particularly the nonlinear mirror modelocked systems. One immediate direction is
to exploit the flexibility of the nonlinear mirror technique, that only relies on phase-
matching for second harmonic generation to achieve the modelocking effect. The
bounce geometry has been used previously to produce radiation at 1.3 µm, by mak-
ing use of a different transition in Nd:YVO4 (although, equally Nd:GdVO4 could also
be used and indeed be more appropriate for modelocked operating due to its larger
gain bandwidth). Lasers at 1.3 µm and the subsequent harmonics (red and blue)
also allows for different potential applications, for example in medical applications.
Experiments have already begun on nonlinear mirror modelocking of the 1.3 µm
transition of Nd:YVO4, with continuous-wave modelocking achieved from a prelim-
inary system with an output power of > 8 W. This is already highly promising,
since previous modelocking of Nd-doped lasers at 1.3 µm using χ(2) nonlinearities
has only produced ∼ 2 W of average output power.
Further power scaling would also be a logical extension to this work. Beyond the
work presented in Chapter 7, a simple and effective way of power scaling can be
achieved using a master-oscillator power-amplifier (MOPA) system. Such a system
is relatively easy to achieve again using the bounce geometry as the power amplifier.
The mixed vanadate system also has great potential for further study. Crystals with
different mixing ratios, for example, can be compared. But exploring the broader
gain bandwidth would be the first challenge. The measured lasing bandwidth of
the system presented in Chapter 6 was only 0.183 nm, which is not dissimilar to
the lasing bandwidth found from a single vanadate system. This would need to
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be explored further to assess whether there is some peculiarity or limiting factor
when using the bounce geometry, or whether the fuller > 1nm bandwidth of mixed
vanadate can be exploited.
The use of periodically poled (PP) crystals has not been investigated using the
bounce geometry. The higher effective nonlinearities possessed by these crystals
could be highly beneficial for the nonlinear mirror modelocking. They have previ-
ously been used to modelock lasers at 1µm by Iliev et al. by using the cascaded-χ(2)
modelocking technique. The dynamics can be carefully monitored and the phase
mis-match can be determined through knowledge of the Sellmeier equations for the
particular crystal used. This means that the lensing effect can be precisely con-
trolled. Thus, future work could be done on cascaded-χ(2) modelocking using a PP
crystal in a bounce geometry laser system. Such a system could potentially be power
scaled beyond the systems employing nonlinear mirror modelocking, since the inten-
sity of the second harmonic never becomes large, negating any concern for damage
due to high second harmonic intensity.
In a slight deviation from the central theme of future works discussed so far, an
interesting modification to the modelocked cavity could be implemented. In de-
scribing colliding pulse modelocking (CPM) in his book “Lasers”, Siegman goes on
to describe an antiresonant ring cavity. The use of CPM in a dye laser was the
first realisation of sub-100 fs pulses [135]. Modelocking is achieved by two counter-
propagating pulses colliding in an intra-cavity saturable absorber, effectively dou-
bling the saturation effects of the absorber, thereby shortening the pulses. Siegman
proposed an antiresonant ring cavity configuration to achieve CPM [136], which was
experimentally demonstrated with a Nd:YAG laser [137]. The original output cou-
pler of the Nd:YAG laser was replaced with a nearly 100% reflecting antiresonant
ring, with the output coupling provided by a 50-50 beamsplitter in the centre of
the cavity. In addition to the pulse-shortening effect produced by the collision of
pulses in the absorber, the standing-wave fields in the colliding pulses also create
transient grating or phase-conjugation effects in the absorber, which may improve
the modelocking and pulse-shortening processes.
The saturable absorber in the antiresonant ring could be replaced with a nonlinear
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Figure 8.1: Schematic of a laser modelocked by anti-resonant ring. It is formed of a
standard amplifier design, with the output coupler replaced with an anti-resonant ring
containing a nonlinear crystal.
crystal for second harmonic generation to provide the intensity-dependent loss, as
shown in the schematic of Fig. 8.1. This has already been achieved by Carruthers
et al. [138], who found that by placing the nonlinear crystal in the antiresonant
ring, with two Faraday rotators to ensure the correct polarisation of the beams,
self-starting modelocking could be achieved. The laser was found to modelock re-
gardless of the cavity length and also without Q-switching instabilities that can be
so prevalent in passively modelocked laser systems. Moreover, their system mode-
locked without the Faraday rotators. Such a system could be developed using the
bounce geometry. This could combat any stability problems previously experienced
in cascaded-χ(2) modelocked systems and has the added benefit that no special
dichroic output coupler would be required.
8.4 Conclusions
The main aim of this thesis was to assess the feasability of producing high power
pulsed sources using the bounce geometry. Generally speaking, this has been met.
The highest power passively Q-switched Nd-vanadate laser reported to date was
developed; this system was both presented at an international conference [75] and
published in a peer-reviewed journal [76]. The highest power nonlinear mirror mod-
elocked laser ever reported has been described [134] and the nonlinear mirror mod-
elocking of the newer class of mixed vanadate has been shown for the first time
[126, 127]. Papers and presentations based on this have been delivered at inter-
national conferences [115, 117, 133] and peer-reviewed journal articles have been
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published [116, 118]. A list of these publications can be found on pp. 12–13 of this
thesis.
This thesis has presented laboratory lasers that could potentially be scaled beyond
the laboratory, into industrial-based laser systems. Future work based on the sys-
tems presented looks promising and exciting for future development.
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Appendix A
The M2 factor
The M2 factor (also known as the beam propagation factor or beam quality factor)
is a common way of defining the beam quality of a laser’s output. The ISO Standard
(11146) [139] defines it as the beam parameter product (BPP) divided by λ/Π, where
Π is the BPP for a diffraction-limited Gaussian beam, at the same wavelength. The
beam divergence half-angle is then:
θ =M2
λ
πw0
(A.1)
where w0 is the beam radius at the minimum waist (defined in Chapter 2) and λ
is the wavelength. A diffraction limited beam has the form of a Gaussian beam
and M2 = 1. The M2 thus describes the deviation of a laser beam from a perfect
Gaussian and limits the extent to which the beam can be focussed.
The M2 factor can be calculated from a measurement of the evolution of the radius
of the beam, in the direction of propagation (from the caustic). Measurement of the
beam radius can be ambiguous, since there are a number of definitions. The ISO
standard uses the ‘D4σ’ (or second moment) beam width, which is the diameter
of the beam at four times the standard deviation (σ) of the horizontal or vertical
intensity distribution. This is the definition used in taking M2 measurements in this
thesis.
This definition of the M2 factor, however, is not a rigorous one. For a full description,
the reader is referred again to the ISO Standard 11146 [139].
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Appendix B
Measurement of ultra-short pulses
When measuring some event in time, another event occuring on a comparable or
shorter time scale is required. For ultra-short pulse durations (picosecond or fem-
tosecond), this may be problematic since traditional electronic methods using pho-
todiodes do not have short enough response times. For pulses that are in the pi-
cosecond regime (and shorter), there are few events that exist on a comparable time
scale for accurate measurement. However, there are methods that can be used that
utilise the ultra-short pulse itself in order to determine the pulse duration. One of
these is the technique of autocorrelation, where the pulse is, in effect, compared to
itself to realise a measurement.
In the technique of autocorrelation, the pulse is first split into two copies by using a
beamsplitter and sent along two separate paths of similar length. One of these paths
introduces a variable time delay. The pulses are then recombined and superimposed
in both time and space in a nonlinear medium. The variable time delay of one beam
path allows the overlap of the beams to be varied and the resulting signal of this
can be used to determine the width of the pulse.
The background free autocorrelator shown in Fig. B.1 was built during the devel-
opment of the NLM modelocked lasers. The pulse is split along two paths, with
one copy sent to a prism (introducing a spatial deviation) and the other copy sent
to a HR mirror mounted on a translation stage. These are then brought back to-
gether, using a focussing lens, in type-II KTP NLC for SHG — chosen due to its
high effective nonlinearity — of dimensions 3× 3× 5 mm. The overlap region of the
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Figure B.1: Background free autocorrelator constructed to determine the pulse duration
of the NLM modelocked sources discussed in this thesis.
two beams in the KTP results in SFG. The evolution of this signal as the variable
time delay is introduced is then detected with a photodetector with a long response
time, to infer the width of the pulse. Of course, the parts of the two beams that do
not overlap will also produce SHG. The spatial deviation introduced by the prism
gives a non-collinear setup — the recombined beams are directed off-axis. These
deviated beams that do not overlap can then be blocked with a pinhole (or the like)
so that they do not contribute to the detected signal, giving a ‘background free’
autocorrelation.
Since the photodetector has a long response time, (1MΩ coupling), it averages the
SFG signal over a long time, T . The autocorrelation intensity signal is then given
in terms of a delay, τ , and the pulse’s intensity distribution I(t) as:
IAC(τ) ∝ 1
T
∫
∞
−∞
I(t− τ)I(t)dt (B.1)
In order to discern a pulse width from this signal, an assumption is made about
the form of the pulse’s intensity distribution. If we assume that this is sech2, the
distribution takes the form of:
I(t) = I0sech
2(t/τp) (B.2)
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and the intensity autocorrelation is given by [140]:
IAC(τ) =
∫
∞
−∞
sech2(t/τp)sech
2((t/τp)− τ)dt (B.3)
The parameter τp is not the FWHM pulse width, but related to the FWHM pulse
width of the sech2 function by [31]:
∆t ≈ 1.76τp (B.4)
Thus, the FWHM of the pulse can be calculated from the FWHM of the autocorre-
lation, ∆tAC , by:
∆t =
1
1.543
∆tAC (B.5)
This factor of 1.543 is known as the deconvolution factor for sech2 pulses. Assuming
different pulse shapes results in a different deconvolution factor, introducing some
uncertainty in the duration of the deconvolved pulse. For a Gaussian pulse shape,
for example, the deconvolution factor would be
√
2 [141]. The sech2 deconvolution
factor is used throughout this thesis.
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